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ABSTRACT 
 
The present work deals with different classes of styrene-based amphiphilic 
copolymers with the aim to develop novel marine antifouling (AF)/fouling release 
(FR) coatings by making use of the antiadhesive properties of the coatings therefrom 
and avoiding any biocidal activity. Low elastic modulus and low surface energy of 
variously engineered fluorinated/siloxane copolymers were regarded as two important 
parameters to design effective coatings which prevent the adhesion of foulants and 
eventually release the attached organisms. 
The classes of amphiphilic polymers under consideration were represented by random 
copolymers derived from styrene monomers containing siloxane, fluoroalkyl and 
ethoxylated  side chains, diblock copolymers derived from styrene and styrene 
monomers containing siloxane, fluoroalkyl and ethoxylated  side chains, and triblock 
copolymers derived from styrene and styrene monomers containing siloxane, 
fluoroalkyl and ethoxylated  side chains. The composition of the polymers was 
tailored to tune the amphiphilicity of each system by combination of the hydrophobic 
poly(dimethylsiloxane), hydrophilic poly(ethyleneglycol) and hydrophobic/lipophobic 
perfluoroalkyl stryrenic constituents. 
The polymers were characterized in terms of bulk and surface structures and 
properties. In particular, we investigated the surface properties and the role of surface 
segregation of fluorinated/siloxane side groups in a nanostructured surface and how it 
affected the surface behavior and reconstruction of polymer films. 
Moreover, in order to study the AF/FR performance of the polymers and establish 
correlations between surface properties and AF/FR properties, coatings were prepared 
by blending copolymers in a low amount in SEBS and PDMS elastomer matrices and 
were submitted to biological assays. 
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CHAPTER 1: INTRODUCTION 
 
1.1 BIOFOULING 
Any surface exposed to seawater is colonized by the settlement of marine organisms. 
This undesired growth of organisms on submerged surfaces is called fouling or 
biofouling. It is a highly complicated process (Figure 1.1) which involves a wide 
range of organisms including bacteria, algae and barnacles. Once a clean surface is 
immersed in seawater, immediately it starts to be conditioned through 
theaccumulation of dissolved organic matter (proteins, polysaccharides).
1,2 
 
 
Figure 1.1.  Process of biofouling 
Primary colonization happens with the settlement and growth of bacteria and other 
unicellular microorganisms such as diatoms, protozoa, which results in a complex 
biofilm formation. This process is often called microfouling (slime). Microfouling is 
often distinguished from soft macrofouling which involves the growth of 
macroscopically visible algae (seaweeds), invertabrates such as soft corals, sponges. 
Macrofouling happens with the hardfouling organisms such as barnacles, tubeworms, 
bryzoans. Figure 1.2 describes the important marine micro and macro organisms 
involved in biofouling.
3,4 
2 
 
 
Figure 1.2. Important marine micro and macro organisms involved in fouling 
There is a speculation that the surface colonization may follow a sequence of events
5-9
 
in which primarily bacterial biofilm formation is followed within a week by soft 
foulers, which in turn is followed by hard foulers within several weeks. However in 
reality, the sequence of biofilm formation may not be predictable, as the surface is 
explored by moving spores
10
 which are capable of settling within minutes of 
immersion on the clean surface and larvae
11
 of some hard fouling species within hours 
of immersion. Biofilm formation is often considered as a precursor to subsequent 
fouling processes but is not always necessary, although, attachment of spores and 
larvae may be influenced by other organisms, especially by bacterial biofilm.
12-16 
1.1.1 Important fouling communities  
Bacteria, diatoms, and algal spores
3
 are the main micro-organisms that settle on the 
ship hulls and other man made surfaces, while barnacles, tubeworms, bryozoans, 
algae
4
 are the most comman macro-organisms among the 4,000 fouling organisms
17
 
identified worldwide. The following paragraphs will be devoted to focus attention on 
some of the most common fouling organisms that are used for testing the coating 
efficiency in laboratory assays. 
 
 
3 
 
1.1.1.1 Ulva 
The green alga Ulva (formerly known as Enteromorpha) linza is the most common 
alga. This contributes to soft fouling of manmade surfaces worldwide and has been 
extensively used as a model organism to study the biofouling and adhesion process 
along with evaluation of antifouling/fouling performance of the coatings.
18
 Figure 1.3 
depicts the life cycle of Ulva linza. Ulva produces large quantities of microscopic 
motile zoospores (5−8 μm in length) and colonizes the surface. These motile 
zoospores sense the surface and try to find out suitable surface. Once a suitable 
surface is detected, swimming spores settle and adhere via the secretion of a 
hydrophilic glycoprotein bioadhesive. Spore germination occurs within a few hours, 
cell division and growth giving rise to sporelings (young plants) that are also firmly 
attached to the substratum by the secretion of bioadhesives.
18 
The strength of 
attachment of sporelings to experimental coatings is evaluated under hydrodynamic 
shear in a calibrated flow channel.
19 
 
 
Figure 1.3. Life cycle of Ulva Linza 
 
1.1.1.2 Diatoms 
Diatoms are brown pigmented unicellular algae enclosed in a silica wall. Diatom 
biofilms are of interest because, as well as being highly resistant to biocidal 
antifouling (AF) paints, they are especially difficult to remove from nontoxic fouling 
release (FR)  coatings.
20
 Because most diatoms lack flagella, they cannot actively 
approach a surface, but they are rather passively carried to surfaces by the action of 
4 
 
currents and localized water movement or by settling under gravity.
21
 As with 
bacteria, diatoms adhere by secreting large amounts of mucilaginous extracellular 
polymeric substances which are predominantly composed of polysaccharides. These 
substances also provide the mechanism for the diatoms “gliding” motility.22 Then, 
attached diatoms cells divide, rapidly giving rise to colonies that eventually coalesce 
to form a compact biofilm, which may reach 500 μm in thickness.22 Diatom fouling is 
dominated by a restricted number of genera, and the diatoms Navicula and Amphora 
are the most common on biocidal AF and FR coatings.
23-25
 The diatom navicula cells 
under confocal microscope are shown in Figure 1.4. 
 
 
Figure 1.4. Navicula diatom cells under confocal microscope 
 
1.1.1.3 Barnacles 
Barnacles are the most familiar of the arthropods found on ship bottoms, and all 
successful AF paints must control barnacle fouling. In their adult form, they are 
encased in hard calcareous shells and are permanently attached to surfaces which are 
completely submerged or periodically wetted.
26
 Figure 1.5 depicts the life cycle of 
Barnacle. Barnacles start life as nauplius larvae that feed on plankton and undergo a 
series of moults. The final larval stage is the cypris larvae or “cyprid”, which is 
approximately 500 μm in length and does not feed but swims around freely in the 
water prior to settlement. In order to complete the transition to adult life, these cyprids 
must attach themselves to a hard substrate. During this exploration phase, the cyprid 
“walks” over the surface using a pair of attachment organs or antennules that secrete a 
5 
 
temporary adhesive. Cyprids exploring a surface also have to be capable of detaching, 
leaving behind blebs of temporary adhesive “footprints”. 
 
 
Figure. 1.5. Life cycle of barnacle 
 
The temporary bioadhesive does not disperse in water, is resistant to biodegradation, 
and also operates as a signaling molecule to induce the settlement of additional 
cyprids. The firmly attached juvenile subsequently metamorphoses into the calcified 
adult barnacle.
20
 Adult barnacle cement is relatively little-studied and appears to be a 
complex of hydrophobic proteins cross-linked through disulfide bonds.
27
 
 
1.1.2 Eﬀects of substrate on fouling colonization 
The settlement of organisms is influenced by the substarte on which they settle. One 
of the most important physicochemical parameters is the surface energy of the 
substrate which influences the settlement and the adhesion strength of organisms. 
Hydrophobic fouling communities are commonly considered to settle and adhere to 
hydrophobic materials and hydrophilic fouling organisms stick to hydrophilic 
substrates, although it is very difficult to generalize this behavior to a wide variety of 
organisms, their various physiological states and the conditions used at the time of 
experiment.
28
 Depending on the physical and chemical properties of bacteria, 
6 
 
adhesion may decrease or increase with increasing surface energy of substrates.
29-33
 
Field testing showed three common trends in response to surface energy of the 
substrate. Barnacles settled on surfaces with high energy (30−35 mN/m),34 bryozans 
on surfaces with low energy (10-30mN/m),
34
 whereas hydroids in equal proportion on 
all surfaces.
35
 However this general behavior may not be valid in all cases as it 
depends on the species.  
Roughness and porosity also play a role in the settlement of organisms on a surface 
immersed in seawater. Surface with irregularities increase the area of the surface that 
can be colonized and increase the number of adhesion sites.
36,37
 These valleys of 
rough surfaces can be penetrated by marine bioadhesives which cure to create a 
secure mechanical lock which results in a rougher surface more likely to be fouled 
theoretically.
38 
 
1.13 Effects of the environment on fouling colonization  
There are numerous environmental factors which influence the settlement of marine 
fouling on surfaces. These include salinity, pH, temperature, nutrient levels, flow rates 
and intensity of radiation. These factors can vary seasonally, spatially and with depth 
of the sea.
17,39
 In polar areas (temperature less than 5 
o
C), the fouling grows in small 
quantities in summer only during a short period of time. Colonization and biofouling 
communities are affected by seasonality, during winter, less fouling occurs due to the 
reduction of seawater temperature and intensity of solar radiation and the number of 
spores and larvae.
39
 From spring to late summer, high fouling pressure is observed 
due to high temperatures and nutrient levels. In tropical and subtropical oceans the 
fouling is always higher, due to few variations of the water temperature and the 
intensity of the light.
40
 In general, the same major groups of fouling communities are 
responsible for fouling worldwide, but the individual dominant species involved in 
fouling tend to vary from place to place.
39 
 
1.1.4 Impact of biofouling  
Biofouling causes negative effects in terms of economy, environment and safety. 
Accumulations of different organisms on the surface generate irregularities with 
surface roughness which increases the frictional resistance of a ship moving through 
marine environment. As a result, to pick up the speed of ship, there is an increase in 
fuel consumption and emission of greenhouse gases. Apart from marine vessels, this 
7 
 
biofouling has significant effects on heat exchangers, oceanographic sensors, 
aquaculture systems, water inlets at power plants and in general, any submerged 
surface whether artificial or natural. Figure 1.6 shows how a heavy fouled ship can 
look like. 
 
Figure 1.6.  Examples of heavily fouled hulls. Courtesy of Hempel’s Marine Paints 
A/S. 
Schultz
41
 showed that even slime can lead to increase in resistance and powering 
significantly as shown in Table 1.1. Heavy fouling can result in powering penalties 
upto 86% at cruising speed. It is estimated that AF coatings provide the shipping 
industry with annual fuel savings of US $60 billion and reduced emissions of 
greenhouse gases by about 400 million ton per annum.
42 
Table 1.1. Predictions of the change in total resistance (∆Rt) and required shaft 
power (∆SP) for a mid-size naval ship with a range of representative coating and 
fouling conditions (associated with average coating roughness (Rt50)) at cruising 
speed (15 knots)
41 
Hull condition Rt50 (µm) ∆ Rt (%) ∆SP (%) 
hydraulically smooth surface 0 / / 
typical as-applied AF coating 150 2 2 
deteriorated coating or light slime 300 11 11 
heavy slime 600 20 21 
small calcareous fouling or weed 1000 34 35 
medium calcareous fouling 3000 52 54 
heavy calcareous fouling 10000 80 86 
 
Marine fouling also causes the deterioration of coatings which favors corrosion, 
especially in the case of invertebrates such as barnacles. This can result in an increase 
8 
 
in dry-docking operations, either because of the need of the ship hull cleaning or even 
costly additional coating replacement or ship hull repair.
43
 When a fouled vessel 
travels to different places, the attached species on ship hull can be displaced in foreign 
areas and result in introduction of invasive, alien species into non-native environment 
which is also another major challenge to maritime industries or to environment due to 
settlement of organisms on ship surfaces.
44
 On one hand, this phenomenon can be 
ecological and evolutionary, and on the other hand, it can have severe economical and 
social impacts including human health, management costs and costs for eradication 
and control measures.
39 
1.2 ANTIFOULING TECHNOLOGIES  
Among all the different solutions proposed which were developed during the late 
1970s, tributyltin self-polishing copolymer paints (TBT-SPC paints) have been the 
most successful in combating biofouling. Unfortunately, it is evident from several 
studies that the TBT-SPC systems affect adversely the environment. As an example, it 
has been shown that extremely low concentrations of tributyltin moiety (TBT) cause 
defective shell growth in the oyster Crassostrea gigas (20 ng/l) and imposes, 
development of male characteristics in female genitalia in the dog-whelk Nucella sp. 
(1 ng/l).
45,46
 Due to emergence of these environmental issues tin-free coatings were 
developed in the early 1980s.
20
 The IMO has decided to ban TBT based paints on the 
surface vessel from January 2008.
47
 This urged the researchers and paint industries to 
look for alternative approaches. 
The current AF coating strategies can be broadly divided into two main categories  
1) Chemically active coatings, that act on the marine organisms by inhibiting or 
limiting their settlement using chemically active compounds. 
2)  Non toxic coatings, that inhibit the settlement of organisms or enhance the 
release of settled organisms without involving a chemical action. 
Although chemically active coatings (Cu based) dominate the present coating market, 
increasing environmental concerns on accumulation
48,49 
of Cu led to regulate their use 
in several areas, for example, Sweden
50
 and the U.S. states Washington and 
California
51,52
. This emerged paint companies to look for more environment friendly 
novel coatings and there is lot of optimism and speculation that, in the next decades 
environment friendly coatings would occupy a considerable market position. Hence, 
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there will be more attention focused in the next paragraphs regarding nontoxic 
coatings. 
 
1.2.1 Nontoxic coatings 
In recent years, research has been mainly dedicated to study the fundamental science 
behind the process involved in biofouling and to design novel nontoxic coatings. The 
main driver for this was due to the limit of metal based coatings. Green alternatives to 
biocidal technologies are therefore urgently sought by marine coatings industry. 
Nontoxic fouling release coatings were first patented in 1961 with the use of 
crosslinked silicone resins as marine coatings and intensive work has been carried out 
since the early 1990s related to the development of both silicone- and fluoro-based 
coatings.
53
 These are biocide free coatings and  their AF performance rely on surface 
and bulk materials properties to either reduce the settlement of organisms or to reduce 
the strength of organism that do attach so that they are readily removed by shear stress 
forces generated by vessel movement through water or mild cleaning by mechanical 
devices.
54,55
 In a way it is a dual mode of action, combining nonstick properties and a 
FR behavior. Although there are different strategies typically followed in the design 
of novel, non-biocidal, non-fouling surfaces, some of the important strategies are 
stressed in the following paragraphs.  
 
1.2.1.1 Bioinspired engineered topographies  
It is often observed that many marine organisms do not become colonized by other 
species.
56-60
A diverse range of mechanisms has been implicated in natural defence, 
including settlement-inhibiting micro- and nanotopographies, secreted bioactive 
molecules, sloughing surface layers, mucus secretions and hydrolytic enzymes.
61
 
Natural mechanisms may be used as the basis for ‘biomimetic or ‘bioinspired’ 
coatings, and much attention has been devoted to designs based on topographical 
features. The surfaces of many marine animals ranging from shells of molluscs to the 
skin of sharks and whales have a complex surface topography, and by analogy with 
the ‘self-cleaning’ lotus-leaf effect, it is often argued that this surface roughness may 
have a role in either deterring fouling organisms from attaching or promoting their 
easy release. These thoughts have encouraged research on a number of bioinspired 
surface designs
58
 of which the most prominent for marine applications are those that 
mimic sharkskin
62
 and invertebrate shells.
63
 For example, Moulded topographies in 
10 
 
PDMS, inspired by the skin of fast-moving sharks at ~1/25th of the scale (Sharklet 
AF, Figure 1.7), resulted in an 85% reduction in settlement of zoospores (motile 
spores) of the macroalga Ulva compared with smooth PDMS.
62
 
 
Figure 1.7. Bioinspired topographies to deter fouling. The scanning electron 
micrographs show the skin denticles of spineer shark in face (a) and end (b) views 
and (c) image of Sharklet AF topography moulded in PDMS. Scale bars are (a) 500 
μm, (b) 250 μm and (c) 20 μm 
 
 
1.2.1.2 Superhydrophilic zwitterionic polymers 
The resistance of zwitterionic materials to the adsorption of proteins and cells is 
generally attributed to a strong electrostatically induced hydration layer that creates a 
superhydrophilic surface.
64
 In the case of marine organisms this means that the 
secreted proteoglycan bioadhesives are unable to achieve a strong interfacial bond by 
excluding water molecules from the interface. Zwitterionic materials, such as 
poly(sulphobetaine)s and poly(carboxybetaine)s are some of the promising group of 
chemistries that deter the adsorption of proteins. These materials have good chemical 
stability and low cost.
65
 In AF assays, Poly(sulfobetaine methacrylate) (polySBMA) 
(Figure 1.8) brushes were grafted onto glass using surfaceinitiated (ATRP) have 
shown good fouling resistance against marine alga Ulva and the attachment of diatom 
cells was also strongly reduced.
66
 Both polySBMA and (poly(carboxybetaine 
methacrylate)) poly(CBMA) resisted settlement of barnacle cypris larvae, but larval 
searching behavior differed on the two zwitterionic surfaces.
67
 Nonetheless the 
development of practical marine coatings is still under consideration.
65
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Figure 1.8. Illustration of surface grafting polySBMA on glass 
 
1.2.1.3 Inorganic–organic nanohybrids 
Xerogel coatings prepared by the sol-gel process have been shown to possess AF and 
fouling-release characteristics.
68-71
 The xerogel surfaces are inexpensive, robust and 
generally characterized by uniform surface roughness/topography and cover a range 
of wettabilities and surface energies. However, the current xerogel formulations are 
only suitable for low-fouling freshwater environments in which slime predominates, 
as the thin (~1 m) xerogels do not have fouling-release properties for adult barnacles. 
To improve AF performance in marine environments, sequestration of catalysts, for 
example, diorganoselenoxides and diorganotellurides, into the xerogel films that 
facilitate the oxidation of halide salts with naturally occurring hydrogen peroxide to 
form the corresponding hypochlorous acid have shown promise against the settlement 
of barnacle and tubeworm larvae and algal spores.
70
 
 
1.2.1.4 Phase-segregating siloxane–polyurethane copolymers 
In an attempt to improve the mechanical properties of PDMS elastomers, 
thermosetting, cross-linked PDMS–polyurethane nanohybrid copolymer coatings 
have been synthesized.
72-75 
Certain compositions (those containing only 10% PDMS) 
spontaneously phase-separated to form microtopographic domains composed of 
PDMS surrounded by the polyurethane matrix. The domains appeared to increase in 
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size after 2-week immersion (Figure 1.9): stability depended on the casting solvent
72 
and mixing time
74
 used.  
 
 
Figure 1.9. Topographical tapping mode AFM images in air of PDMS–polyurethane 
coating (a) before water immersion and (b) after 2 weeks of water immersion. 
 
Compositions with a higher proportion of PDMS did not form domains, but rather 
formed a smooth stratified coating of low surface energy PDMS over a sublayer of 
higher surface energy polyurethane. In detachment studies with ‘pseudobarnacles’ (an 
epoxy-bonded stud used as a proxy for live barnacles) and with reattached live 
barnacles, it was shown that the pull-off force in both cases was lower on 
compositions with surface domains than those without.
74
 
 
1.2.1.5 Amphiphilic nanostructured surfaces 
Amphiphilic (amphi: of both kinds; philic: having an affinity for) copolymers are 
known to have unique molecular structure, which consists of at least two parts with 
different chemical natures having both hydrophilic and hydrophobic components. 
Amphiphilic copolymers find numerous applications
76-82
 in medical, pharmaceutical, 
cosmetic, and agricultural formulations (as controlled delivery and release media, 
emulsifiers, dispersants, and for conjugation with active compounds), in cleaning and 
detergent products (as foamers, rinse aids, cosurfactants, and antiredeposition agents), 
in food processing (as emulsifiers and gelling agents), in the paper and coatings 
industry (as dispersants , thickeners, and for sizing), in the coal and petroleum area (as 
emulsifiers or demulsifiers, and for wetting), and in plastics (as compatibilizers and in 
emulsion polymerization).  
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A recent trend in designing experimental coatings for AF/FR purposes has been to 
create surfaces with compositional (chemical) heterogeneity at the nanoscale through 
the thermodynamically driven phase segregation of polymer assemblies, followed by 
crosslinking in situ. These coating designs may be based on blends of immiscible 
polymers or contrasting chemistries of block copolymers, and the general aim is to 
combine the non-polar, low surface energy, low modulus properties of a hydrophobic 
(typically of copolymer or PDMS) components to reduce polar and hydrogen-bonding 
interactions with the bioadhesives used by fouling organisms, with the well-known 
protein repellency properties of the hydrophilic components, typically, 
oligo(poly)ethylene glycols. The resulting chemical “ambiguity”, expressed in terms 
of amphiphilic nanodomains on the surface (Figure 1.10), may lower the entropic and 
enthalpic driving forces for the adsorption of the marine protein and glycoprotein 
bioadhesives, which are themselves amphiphilic in character.
83,84 
Lau et al.
85
 have 
speculated that the often-observed protein resistance of some nanopatterned, 
amphiphilic diblock copolymers is due to the intrinsic high density of surface 
interfacial boundaries.  
 
 
Figure 1.10. The concept of a chemically heterogeneous or ‘mosaic-like’ surface that 
repels proteins. Such chemically ‘ambiguous’ coatings could be based, for example, 
on the combination of fluorinated, hydrophobic segments (green) and hydrophilic 
poly(ethyleneglycol) segments (blue), thus imparting an amphiphilic character. 
 
The first published example of an amphiphilic coating for use in marine AF is based 
on hyperbranched fluoropolymers
86 
and linear poly(ethylene glycols) (PEG), which 
self-assemble on cross-linking to form complex surface topographies and chemical 
domains of both nanoscopic and microscopic dimensions. These complex polymer 
coatings were prepared by the in situ phase separation and crosslinking of mixtures of 
hyperbranched fluoropolymer (HBFP) and diamino-terminated poly(ethylene glycol) 
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(PEG), for which the degree of crosslinking, compositions, topographies, and 
morphologies were varied by alteration of the PEG/HBFP stoichiometries (14, 29, 45, 
and 55 wt%PEG) (Figure 1.11). The surface patterns were strongly influenced by 
immersion and by the relative proportions of the two polymers. The coating design 
anticipated that this surface complexity would either have a deterrent effect on the 
settling stages of fouling organisms or would be unfavorable for adsorption and 
unfolding of adhesive proteins.  
 
 
Figure 1.11. Amphiphilic polymer networks containing hyperbranched 
fluoropolymers cross-linked with poly(ethylene glycol) (PEG) 
 
Subsequently Krishnan et al.
86
 in 2006, proposed a mechanism for the ability of the 
amphiphilic surface to undergo an environment-dependent transformation in surface 
chemistry when in contact with the extracellular polymeric substances as a possible 
reason for its antifouling nature (Figure 1.12). Several experiments by NEXAFS and 
angle-resolved X-ray photoelectron spectroscopy measurements demonstrated that the 
film surface underwent reconstruction resulting from the thermodynamically induced 
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phase segregation of the mutually incompatible components. However, these are in 
vacuo techniques and it is difficult to translate the information they provide on surface 
structure in the dry state to the situation when these coatings are immersed in water. 
To understand the relationship between surface properties and biological 
performance, it is necessary to perform surface characterization in the immersed state.  
 
 
Figure 1.12. Proposed mechanism for surface reconstruction of the ethoxylated 
fluoroalkyl side chains upon immersion of the surface in water. The picture on the left 
indicates the orientation of side chains in air whereas that on the right shows the 
effect of water immersion. 
 
Based on the above hypothesis, there has been a continuous research from different 
groups. Prof. Ober group have been actively working on SEBS based amphiphilic 
coatings for AF/FR applications. Several amphiphilic surface active block copolymers 
(SABCs) have been synthesized through chemical modification of a polystyrene-
block-poly(ethylene-ran-butylene)-block-polyisoprene triblock copolymer precursor 
with different selected mixed side chains (amphiphilic, fluorine free, PDMS) and their 
blend coatings with SEBS base layer were shown promising AF/FR results against 
different organisms.
86-91
 For example, Surface active triblock copolymers (SABC) 
with mixed polyethylene glycol (PEG) and two different semifluorinated alcohol side 
chains, one longer than the other (Figure 1.13), were blended with a soft thermoplastic 
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elastomer, polystyrene-block-poly(ethylene-ranbutylene)-block-polystyrene (SEBS) 
found to be effective AF/FR materials against both Ulva linza and Navicula diatom.
88
 
 
 
Figure 1.13. Structure of mixed amphiphilic surface-active block copolymer modified 
with a mixture of semifluorinated and PEG chains 
 
On the other hand, our group (Prof. Galli) have been working on PDMS based 
amphiphilic coatings and styrene based amphiphlic coatings which have been shown 
to be good AF/FR coatings.
92-96
 For example, polystyrene based amphiphilic diblock 
fluorinated/PEGylated copolymer (Figure 1.14) coatings dispersed in or on SEBS, 
were subjected to laboratory bioassays revealed their their intrinsic ability to resist the 
settlement and reduce the adhesion strength of two marine algae, viz., the macroalga 
(seaweed) Ulva linza and the unicellular diatom Navicula perminuta.
93
 It was 
suggested that molecular and nanoscale ambiguity (Figure 1.15) of the amphiphilic 
surface lowers the driving forces for the adsorption of adhesive macromolecules and 
hence reduces the adhesion strength of the organisms.  
 
 
Figure 1.14. Polystyrene based amphiphilic diblock fluorinated/PEGylated 
copolymer 
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Figure 1.15. AFM images of an amphiphilic coating showing the influence of 
immersion on surface nanostructure: AFM phase images of polystyrene based 
amphiphilic diblock fluorinated/PEGylated copolymer coatings were obtained in 
tapping mode (left) before, and (right) after immersion for 7 days in artificial 
seawater. Scale bars are 200 nm 
 
In another work from our group, Martinelli et al.
95
 have reported on the surface 
properties of PDMS networks containing copolymers carrying amphiphilic side 
groups (Figure 1.16) and showed their AF/FR release properties on both laboratory 
scale and field trials.
96 
 
 
Figure 1.16. Amphiphilic copolymers of a methacrylic monomer carrying a 
polysiloxane side chain and an acrylic monomer with a mixed poly(ethylene glycol) 
(PEG)-fluoroalkyl side chain 
 
Most current commercial FR coatings are based either on silicone or fluoropolymer 
based polymers, as they are two major polymeric materials reported to exhibit FR 
properties. These commercially available FRCs are generally developed as duplex 
system composed of FR top-coat and tie coat applied on anticorrosive primer. As 
mentioned the FR properties of these materials are mostly dependent on surface 
properties along with bulk properties. The following paragraphs will be dedicated to 
discuss important parameters for FR coating. 
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1.2.2 Properties of fouling release coatings 
The specific FR properties are not only related to wettability and low surface energy 
but are also influenced by surface roughness, elastic modulus and thickness of the 
coating and other surface properties.
84,86,97-102
 Two main properties, surface energy 
and elastic modulus, are discussed in the following paragraphs. 
 
1.2.2.1 Surface energy  
The wetting behavior partly influences the bioadhesion mechanism. A thermodynamic 
model was developed to describe the adhesion of organism to a surface in which the 
free energy of adhesion (∆Gadh) is related to interfacial energies between the substrate, 
marine organism and the surrounding liquid (Eq. 1).
32,103 
 
                                              ∆Gadh = γBS - γBL - γSL                                                (Eq. 1) 
 
Where γBS is the interfacial energy between the biofouling organism and substrate, γBL 
is the interfacial energy between biofouling organism and the surrounding liquid, and 
γSL is the interfacial energy between the substrate and liquid. It is difficult to 
determine the experimental interfacial energy values. In the literature, models were 
described to estimate the interfacial energies and surface energies by investigating 
wetting behavior using contact angle measurements. 
Young’s theory well known for two centuries, establishes the equilibrium condition of 
a liquid droplet, surrounded by its vapor, placed in contact with a smooth solid surface 
(Figure 1.17).
104 
 
Figure 1.17. Wetting according to Young’s theory 
The shape of the droplet is defined by the contact angle θ which depends on the 
surface tension of the liquid lv, the surface tension of the solid sv and the interfacial 
tension between the solid and wetting liquid sl as follows (Eq. 2): 
 
                   lv cos θ =  sv - sl                                              (Eq. 2)                                                                
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The water contact angle θw is related to the hydrophobic/hydrophilic character of a 
solid surface in which a surface is conventionally regarded as hydrophobic when θw > 
90
o
, while a surface is considered hydrophilic when θw < 90
o
. 
Considering Young’s equation to calculate the surface energy sv of a solid, sl needs 
to be caluculated. Owens-Wendt, Rabel, and Kaelble
105
 suggested that the surface 
energy is equal to the sum of a dispersive component (γdsv) and a polar component 
(γpsv) (eq 3): 
 
                                     sv = γ
d
sv + γ
p
sv                                                        (Eq. 3) 
 
The former one (γdsv) reflects the dispersion interactions occurring at the interface, 
whereas the latter one (γpsv) reflects polar, hydrogen, inductive, and acid−base 
interactions. These parameters are related to sl using Eq. 4. 
 
                                         sl = sv + lv – 2(γ
d
1 γ
d
2)
1/2
 – 2(γp1 γ
p
2)
1/2
                         (Eq. 4) 
 
where γd2 and γ
p
2 are the dispersive and polar contributions to the surface tension lv of 
the liquid used.  
Combining eqs 2 and 4, γd1 and γ
p
1 can be calculated from the measurement of the 
contact angle made by two different liquids on the solid surface as follows (Eq. 5): 
 
                                       lv (1 + cos θ) = 2[(γ
d
sv γ
d
lv)
1/2
 + (γpsv γ
p
lv)
1/2
]                   (Eq. 5) 
 
Later, van Oss, Chaudhury, and Good
106,107  
initiated an acid−base approach for the 
surface energy calculation as a combination of three contributions, i.e. Lifshitz−van 
der Waals apolar component (γLWsv)  and two Lewis acid−base polar components γ
+
sv, 
γ-sv. 
 
                                       sv = γ
LW
sv + 2(γ
+
sv γ
-
sv)
1/2
                                                (Eq. 6) 
 
Again each component can be calculated by modifying Young’s equation: 
 
             lv (1 + cos θ) = 2[(γ
LW
sv γ
LW
lv)
1/2
 + (γ+sv γ
+
lv)
1/2
 + (γ+sv γ
+
lv)
 1/2
]                 (Eq. 7) 
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In this case, one need to have three testing liquids to estimate the components 
correctly; one of them must exhibit only the Lifshitz−van der Waals apolar 
component.  
Based on equation of state approach, Kwok and Neumann
108
 developed another 
method to calculate the surface energy:  
                                
                                   cos θ = -1 + 2 (sv/lv)
1/2
. e
-β(γ
lv –
 γ
sv
)2
                                  (Eq. 8) 
 
sv is always a fitted parameter, β is constant value.
108
 There are many papers 
presented the advantage of the multi-component approaches compared to the equation 
of state method or vice versa.
108-110
 Nevertheless, each approach has its own 
advantages. 
Zisman introduced that, the adhesion of marine organisms relates to critical surface 
tension (γc) of the substrate.
111
 This parameter corresponds to the surface tension γL of 
a liquid, which perfectly wets the solid surface, i.e. θ = 0°. γc is estimated by 
measuring the contact angle of a series of liquids placed on the solid surface and then 
plotting the cosine of the angle versus the surface tension of the respective liquids and 
extrapolating to θ = 0° by means of a best linear fit. The liquids with surface tension 
γL below the γc value of the solid are completely spread on the surface. The Zisman 
approach has attracted controversy, as the γc value is largely dependent on the nature 
of the liquids used. Besides, γc is equal to the solid surface energy γs only if the solid 
surface and the liquids used are totally apolar, which is rarely the case. 
An empirical relationship is established in 2006, between γc and the relative amount 
of bioadhesion and is commonly known as the Baier curve (Figure 1.18).
112
 The key 
feature of this curve is that the minimum in relative adhesion at 22−24 mN/m does not 
occur at the lowest critical surface energy. In fact, the relative adhesion is at a 
minimum when the interfacial energy sl is at a minimum value. Interfacial energy 
may be diminished by matching the critical surface tension values of the coating 
surface and the adherend and by reducing the interactions of the bioadhesive with the 
surface and with water.
113 
21 
 
 
Figure 1.18. Baier Curve 
 
However, Schrader
114
 suggested that the minimum adhesion in water occurs at a 
surface energy equal to the dispersive component γd of the surface tension of water, 
i.e. 22 mN/m. In this analysis the available dispersion force from the surface is nearly 
zero at this point; thus, the dispersion interaction between the bioadhesive and the 
interface will also be approximately zero and adhesion will consequently be at a 
minimum.
97
 In addition, Baier defined the notion of θ surface condition for low 
bioadhesion, displayed by critical surface tension of 22−24 mN/m.112 Polymers which 
fulfill this requirement are polysiloxane or silicone elastomers (e.g., PDMS and 
poly(methylphenylsiloxane) have surface energies of 20 and 26mN/m, 
respectively).
115
 
 
1.2.2.2 Elastic modulus  
The critical removal force was demonstrated to correlate far better with (Ec)
1/2
 than 
with E or c .
97
 The minimum of adhesion corresponds to low value of elastic modulus 
(Figure 1.19) but not to the lowest surface energy of the tested substrates (Table 1.2) 
.
97 
The mechanisms involved in preventing fouling differ between fluoropolymers and 
silicones. For the hard, fluoropolymer coatings, because their surface is smooth and 
22 
 
nonporous and exhibits low energy, a weak interface is formed with the marine 
adhesive. 
 
Table 1.2.  Relative adhesion, critical surface tension (γc), elastic modulus (E) and (γc 
E)
1/2
Of  representative polymers 
Polymer 
Relative 
adhesion 
γc 
(mN/m) 
E 
(kN/m
2
) 
(γc E)
1/2 
(N/m
3/2
) 
Poly(hexafluoropropylene) 21 16.2 0.5 2.9 
Poly(tetrafluoroethylene) 16 18.6 0.5 3.1 
Poly(dimethylsiloxane) 6 23.0 0.002 0.2 
Poly(vinyldinefluoride) 18 25.0 1.2 5.5 
Poly(ethylene) 30 33.7 2.1 8.4 
Poly(styrene) 40 40.0 2.9 10.8 
Poly(methyl methcrylate) 48 41.2 2.8 10.7 
Nylon 66 52 45,9 3,1 11,9 
 
 
 
Figure 1.19. Relative adhesion as a function of the square root of the product of 
critical surface energy (γc) and elastic modulus (E) 
 
The high resistance of the surface to molecular inter diffusion and rearrangement 
gives a sharp, well defined interface, which is easily snapped by an in-plane or out of- 
plane shear mode. However, because the bulk modulus of fluoropolymers is higher 
than that of elastomers, the joint fails at higher critical stresses.
116
 PDMS coatings 
generally have somewhat higher values of surface energy than fluoropolymers, and 
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these materials likely form slightly stronger bonds with fouling organisms. However, 
due to the low modulus of the material, the application of a force to a foulant deforms 
the silicone, and a failure mode similar to peeling occurs. Therefore, this process 
requires less energy than detachment by shear or tension.
116,117 
 In particular, the stress 
is required to detach a microorganism from the coating is given by (WE/a)
1/2
 where W 
is the work of adhesion, a is the radius of the contact region and E is the composite 
modulus of the adhesive matrix and the coating.
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1.3 SILICONE ELASTOMERS 
Fouling release coatings are mainly composed of silicone elastomers. The backbone is 
made up of alternating silicon and oxygen atoms. Each silicon atom is linked to two 
organic groups, while the chain end silicon atoms have a third group could be a 
substituent. Figure 1.20 illustrates the common silicone elastomer PDMS.  The 
fundamental properties of PDMS elastomers arise from the combination of a flexible 
backbone and low surface energy side groups.
119
  
 
Figure 1.20. Chemical structure of PDMS backbone 
The siloxane backbone has a unique flexibility which results from several factors, 
including the Si−O bond length (1.65 Å), the flat siloxane bond angle (159°), the 
partially ionic (nondirectional) nature of the bond, and an alternating divalent group in 
the backbone yielding increased spacing between corresponding Si substituent groups 
(2.99 Å).
113
 PDMS with a glass transition temperature Tg of −127 °C has the most 
flexible backbone among the common polymers. As a result, it can readily adopt the 
lowest surface energy confirmation through a close packing of the pendant methyl 
groups at the PDMS/air interface. In addition, the molecular weight of the silicone 
precursor and the cross-link density within the elastomeric network influence the 
elastic modulus and the toughness of the resulting films. Three commercially 
available PDMS elastomers are commonly used as standard silicone FR coatings in 
the literature. Sylgard184 (Dow Corning) is an unfilled, clear two part PDMS-based 
formulation containing an α,ω-vinyl terminated poly(dimethylsiloxane) polymer, a 
poly(dimethylsiloxane-co-hydrogenomethylsiloxane) copolymer, a vinyl resin 
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additive, and a platinum-based catalyst.
120 
SilasticT-2 (Dow Coring) is another 
commercial PDMS elastomer often used as a standard due to its FR efficiency against 
barnacles and Ulva alga.
121,122
 This transparent two-part coating is cured by platinum-
catalyzed hydrosilylation from a mixture of the base resin to curing agent. RTV11 
(General Electric) is a representative condensation-cured silicone elastomer. This 
PDMS elastomer is formulated as a two-part system, containing 60−80 wt % of 
hydroxy-terminated PDMS (Mw = 26,000 g/mol), 32 wt % of CaCO3 filler, 1.9−2.1 
wt % of ethyl silicate 40 (ES40) cross-linker, and dibutyltin dilaurate catalyst 16.
123 
These three PDMS elastomers are characterized by a high water CA, a low critical 
surface energy, and low elastic modulus values.
124-133
 
 
1.4 FLUOROPOLYMERS 
Fluoropolymers are the polymer materials containing fluorine atoms in their chemical 
structures. From general organic polymer concepts, there are two types of 
fluoropolymer materials, i.e. perfluoropolymers and partially fluorinated polymers. In 
the former case, all the hydrogen atoms in the analogous hydrocarbon polymer 
structures were replaced by fluorine atoms. In the latter case, there are both hydrogen 
and fluorine atoms in the polymer structures. Exceptional properties of ﬂuorinated 
products mainly arise from the highest electronegativity of the ﬂuorine atom, from the 
small van der Waals radius (1.32 Å) that induces a strong and short C-F bond (the 
dissociation energy of which is 485 kJ/mol) and a low polarizability. Hence, 
ﬂuorinated polymers that contain a high percentage of ﬂuorine exhibit a unique 
combination of properties such as very high thermal, chemical, aging, and weather 
resistances, a high chemical inertness to solvents (hydrocarbons, acids, and bases),
134
 
low surface energies (as evidenced by the repellant effect on oils and water),
135
 low 
dielectric constants, refraction indices, dissipation factors, ﬂammability, and moisture 
absorption. Moreover, the presence of the strong C-F chemical bond has a crucial 
impact on the high resistance to oxidation and hydrolytic stability.  
Due to the incompatibility between fluorocarbon components with hydrocarbon 
compounds, these materials possess low surface energy. The lowering of surface 
energy derives from both surface coverage and degree of ordering in the surface layer. 
It is well known that fluorocarbon segments of the type –(CF2)nCF3 have the lowest 
intermolecular interactions and ideal close packed array of -CF3 groups is responsible 
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for their lowest surface energy.
136
 More importantly fluorocarbon-hydrocarbon 
diblock oligomer molecules, F(CF2)m(CH2)nH microphase separate into self-organized 
supramolecular structures in the bulk.
137
 The self-segregation, combined with the 
rigid-rodlike nature of the fluorocarbon chains adopting a helical confirmation give 
rise to form liquid-crystal phases.
138,139
 Fluorinated-(meth) acrylate block polymers 
containing semifluorinated liquid crystalline side-chains were preferred over 
perfluorinated ones because alkyl spacers in the partially fluorinated side-chains lead 
to a better orientation of the perfluoro groups and to a well-packed fluorinated 
surface.
140,141
 
The first use of fluoropolymers as FR coating was patented by Berque in 1973,
142
 
such as PTFE poly(tetrafluoroethylene) for ship hull protection. Because of the low 
surface energy, PTFE, supposed to be a best promising FR coating or nonstick 
candidate, however, it was found to be vulnerable to biofouling due to the 
irregularities on the surface that enable bioadhesives to invade and cure in 
microcavities and create secure mechanical lock.
143
 Fluoropolymers containing 
closely packed array of oriented perfluroalkyl groups tend to resist both infiltration of 
bioadhesive molecules and adhesive-induced molecular rearrangement.
144
  
 
1.5 POLYETHYLENE GLYCOL  
Poly(ethylene)glycol belong to the polyether class (Figure 1.21) and most commonly 
available material made from flexible chain (Figure 1.22) formed by ethylene groups 
connected by ether bonds. 
 
Figure 1.21. Chemical structure of PEG backbone 
 
 
Figure 1.22. Conformation of PEG 
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This material is available in different forms, from oligomers to polymers depending 
on the average chain length of the repeating units. This results in different physical 
properties (viscosity, crystallization temperature, etc..) and thus PEG can be used in 
different applications while chemical properties are nearly same. The molecular 
weights of commercially available PEG range from 300 g/mol to 10000000 g/mol and 
their physical state varies from viscous liquid to waxy solid and the low molecular 
weight polymers soluble in water.  
Due to nontoxicity, water solubility and biocompatibility, this polymer is widely used 
in various fields such as medicine, biology, cosmetics, pharmaceutics, as an additive 
and surfactant. Surfaces produced from PEG are extremely hydrophilic, with low 
values of polymer-water interfacial energy, show resistance to protein adsorption 
(Figure 1.23) and cell adhesion.
145-148
 It has been suggested that PEG surfaces form a 
large number of hydrogen bonds with water molecules to form a hydration layer 
which is responsible for large repulsive forces on the protein.
149
 Nevertheless, factors 
such as PEG chain length, conformation and density on the surface are important 
factors for resisting protein adsorption.
146,147,150,151 
 
 
 
 
 
 
 
 
Figure 1.23. Protein repellence of PEG 
 
1.6 BLOCK COPOLYMERS 
A block copolymer is a polymer consisting of multiple sequences, or blocks, of the 
same monomer alternating in series with different monomer blocks. The blocks are 
covalently bound to each other such as ------AAAABBBB----- fashion (A and B are 
different types of monomers). Block copolymers are classified based on the number 
of blocks they contain and how the blocks are arranged. For example, block 
copolymers with two blocks A, B are called AB diblocks; those with three blocks A, 
B, C are ABC triblocks; and those with more than three are called multiblocks. 
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Classifications by arrangement include the linear, or end-to-end, arrangement and the 
star arrangement, in which one polymer is the base for multiple branches. 
Block copolymer  self-assembly has attracted considerable attention for many decades 
because it can yield ordered nano structures (5-100 nm) in a wide range of 
morphologies (Figure 1.24), including spheres, cylinders, bicontinuous structures, 
lamellae, vesicles, and other complex or hierarchical assemblies.
152
 The structures that 
form in a diblock copolymer melt are a result of two competing factors: interfacial 
energy between the two blocks (an enthalpic contribution) and chain stretching (an 
entropic contribution). The entropy of mixing between the two blocks is small but the 
blocks are covalently bonded to each other and so, macro-phase separation cannot 
occur. Instead, phase separation occurs on the molecular level and the system is 
forced to adopt extended chain conformations. To minimize the interfacial energy, the 
two blocks want to separate from each other in a way to minimize interfacial surface 
area. Phase separation induces chain stretching away from the most preferred coiled 
polymer chain conformation and depends on the volume fraction of one block with 
respect to the other. 
 
 
Figure 1.24. Different morphologies of AB diblock copolymer 
 
The microphase separation of diblock copolymers depends on three parameters:
153 
(1) 
the volume fractions of the A and B blocks (fA and fB, with fA + fB = 1), (2) the total 
degree of polymerization (N = NA + NB), and (3) the Flory–Huggins parameter, χAB. 
The χ-parameter specifies the degree of incompatibility between the A and B blocks, 
which drives the phase separation. The χ-parameter specifies the degree of 
incompatibility between the A and B blocks, which drives the phase separation. χAB 
multiplied by N (the degree of polymerization or number of monomers per chain) 
represents the interaction per chain. From self-consistent field theory (SCFT) of a 
symmetric diblock copolymer, if χABN is greater than 10.5, micro-phase separation 
occurs.
154,155
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Advances in polymer synthesis have given rise to a wide range of controlled 
polymerization techniques, e.g. anionic and living radical polymerizations for the 
preparation of polymers of various architectures, including block copolymers. Block 
copolymers are normally prepared by controlled polymerization of one monomer, 
followed by chain extension with a different monomer to form AB or ABC block 
copolymers. 
 
1.7 CONTROLLED RADICAL POLYMERIZATION (CRP)  
Controlled radical polymerization (CRP) under radical-initiation conditions belongs to 
priority areas in the development of the synthetic chemistry of polymers of the last 
years.
156-160
 This is primarily due to the fact that it can provide a reliable control over 
the molecular mass characteristics of polymers being synthesized and open up wide 
prospects in molecular design, including the possibility of obtaining hybrid nanosize 
polymeric structures.  
In contrast to the classical free-radical polymerization, the controlled radical 
polymerization replaces the quadratic chain termination (Scheme 1.1) (interaction of 
two growing macroradicals ~Pn
.
+ ~Pm
.
) with a reversible reaction of the growing 
radical (Pn
.
) with initiator fragments or a special additive (X
.
). This reaction yields a 
macromolecule with a labile terminal group (~Pn–X), which can readily dissociate at 
the resulting bond under the action of heat or radiation or in interaction with another 
active species. The initial macroradical is regenerated and continues the chain growth: 
where kt, kd, and kp are the rate constants of the corresponding reactions; and M 
stands for the monomer molecule. 
 
Scheme 1.1. Controlled radical polymerization 
 
According to the nature of the controlling agent, controlled polymerization processes 
can be divided into three main types:  
 
29 
 
o dissociation-recombination processes involving stable radicals (Stable Free 
Radical Polymerization, SFRP)
159,161,162
  
o processes with degenerate chain transfer (Degenerate Transfer, DT or 
Reversible Addition Fragmentation chain Transfer, RAFT)
163,164
 
o processes accompanied by atom transfer (Atom Transfer Radical 
Polymerization, ATRP).
157,158,165 
 
1.7.1 Atom Transfer radical polymerization (ATRP) 
The concept of controlled radical polymerization by the atom-transfer mechanism has 
appeared due to independent studies by Sawamoto
165
 and Matyjaszewski
166
. This 
reaction is catalyzed by complex compounds of transition metals of general formula 
MnLx (M is a transition metal, and L, ligand) in the lowest oxidation state n (Scheme 
1.2). Their reversible interaction with alkyl halides leads to transfer of a halogen atom 
to the metal complex, accompanied by the appearance of active radicals in the system. 
 
Scheme. 1.2. Transition metal catalyzed ATRP 
 
1.7.2 Reversible addition-fragmentation chain-transfer polymerization (RAFT)  
Polymerization with reversible chain transfer by the addition-fragmentation 
mechanism has been discovered by Rizzardo and coworkers.
163
 RAFT polymerization 
process is based on a series of reversible addition–fragmentation chain transfer steps, 
167
 which consists in the introduction of a small amount of thiocarbonylthio compound 
as the chain transfer agent (CTA) into a classical free radical polymerization system 
(Scheme 1.3). With the appropriate choice of CTA/monomer system and reaction 
conditions, the well defined polymers with predictable molecular weights, low 
polydispersity indices (PDIs), and precisely controlled architectures can be 
produced.
168
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Scheme 1.3. RAFT process 
 
1.7.3 Nitroxide mediated polymerization (NMP) 
Nitroxide-mediated polymerization (NMP)
169-172
 is a very attractive CRP system 
because it is metal free and effective in the polymerization of a broad range of 
monomers with various functionalities. This system provides colorless and odorless 
polymers with no demanding purification. The control of the NMP process relies on 
the reversible capture of the propagating species by nitroxides with formation of 
dormant chains (alkoxyamines) (Scheme 1.4). Whenever this equilibrium is shifted 
toward the dormant form, the stationary concentration of the active species is low and 
the irreversible chain termination is limited. The polymerization kinetics is governed 
by both this activation–deactivation equilibrium (with K = kd/kc, the activation–
deactivation equilibrium constant) and the persistent radical effect (PRE). This 
equilibrium presents the advantage of being a purely thermal process where neither 
catalyst nor bimolecular exchange is required. 
 
Scheme 1.4.  Nitroxide mediated polymerization 
 
Either bimolecular or unimolecular initiators can be used in NMP.
172,173
 The 
bimolecular initiation requires combining a traditional free radical initiator (e.g., 
benzoyl peroxide (BPO) and 2,2¢-azobis(isobutyronitrile) (AIBN)) with a nitroxide 
(e.g., 2,2,6,6-tetramethylpiperidinyloxy (TEMPO)).
174 
Originally, NMP mediated by TEMPO was limited by slow polymerization (25-70 h), 
high polymerization temperature (125-145 °C), and a limited range of suitable 
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monomers, mainly styrene and derivatives. NMP was extended to acrylates with 
success with the assistance of additives or duly substituted TEMPO.
175-177
 The 
discovery of new types of nitroxides (such as N-tert-butyl-N-(1-diethylphosphono-
2,2-dimethylpropyl)-N-oxyl or (DEPN), 2,2,5,5-tetramethyl-4-phenyl-3-azahexane-3-
oxyl or (TIPNO), and N-tert-butyl-(1-tert-butyl-2-ethylsulfinyl)propyl nitroxide or 
(BESN)) also contributed to overcoming the original limitations.  
Fine-tuning the [nitroxide]0/[initiator]0 ratio is of high importance since the kinetics of 
the polymerization is governed by the amount of nitroxide in excess present after the 
initiation step .
178
 As a consequence of a high excess of free nitroxide, the activation–
deactivation equilibrium is shifted toward dormant species, which decreases the 
polymerization rate. All thermal initiators suffer from the difficulty to determine 
precisely the efficiency of the primary radicals produced by thermal decomposition to 
induce the polymerization (for instance due to cage effect and induced 
decomposition) and also the nature of the initiating group since the majority of these 
primary radicals undergo rearrangement or fragmentation reactions.
179
 This usually 
leads to poorly reproducible polymerization kinetics and to ill-defined polymer end-
groups. The [nitroxide]0/[initiator]0  ratio originally used was 1.3.
174
 Dollin et al.
180
 
revisited the influence of this ratio over the kinetics and showed that if this value is 
finely optimized (the ratio depends on the targeted molar mass and can be decreased 
down to 0.95 in certain conditions), the kinetics of the system could be strongly 
accelerated. 
Although NMP is now extremely efficient for the preparation of a variety of well-
defined (co)polymers, availability and cost of nitroxides and/or alkoxyamines remain 
a concern. Indeed, alkoxyamines are commonly synthesized by coupling of an alkyl 
radical to a nitroxide that must be synthesized (usually by a multistep reaction 
scheme) and purified. 
.  
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CHAPTER 2: OBJECTIVES OF THE WORK 
 
From the introduction, explained, it can be understood that the series of events leading 
to fouling are nano-microscale in dimension at the surface, likewise, it is anticipated 
that one way of control fouling is to develop systems with an interesting surface 
properties (e.g. charge, topography, wettability, friction, porosity, amphiphilicity) also 
need to be on the same length scale.  
In recent years, there has been some progress made in the systematic exploration of 
the influence of individual surface properties such as topology and wettability, for 
specific organisms. However, for some groups of fouling organisms the importance of 
surface properties has not been extensively investigated and therefore the systematic 
manipulation of interfacial properties (singly or in combination) to determine which 
influence the settlement and adhesion of fouling organisms, is a valuable approach. 
Due to the environmental concerns, some highly effective AF paints, notably, use of 
tributyltin oxide, and strict evaluation and regulatory regime on the use of alternative 
biocides have been imposed. This urged researchers to study the fundamental science 
behind the process involved in biofouling and look for innovative green alternatives to 
biocide-based technologies. This requires leading edge capabilities to engineer test 
surfaces with precisely controlled properties or combinations thereof, combined with 
surface nanoanalytics to characterize the coatings in aqueous environments, and 
bioassays for measuring the performance of surfaces under biological challenge. Most 
current commercial biocide free coatings are based on either PDMS or fluoropolymer 
based technologies. Nevertheless, there is still lot of scope and further development of 
these coatings is needed to ensure the efficiency and long term stability and cut down 
the cost.  
Hence, the ultimate motive of this project is to develop innovative green technological 
coatings as alternative to biocidal coatings. One way of doing this is to produce nano 
level surfaces from well-defined amphiphilic copolymers for fouling releasing 
applications. The surfaces produced from amphiphilic copolymers, that 
simultaneously exhibit both hydrophilic and hydrophobic functionalities, have local 
nanoscale heterogeneities that deter the settlement of organisms and also minimize the 
intermolecular forces of interactions between biomolecules and substratum. Hence, 
the adhered organisms are released under appropriate shear stresses.  
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It is well documented that low surface energy and low elastic modulus are two most 
important parameters for the future generation of green technological coatings. It is 
well known that PDMS and fluoropolymers belong to the category of low surface 
energy and low elastic modulus materials. Along this line, PEG is another candidate 
in inhibiting the protein adsorption which is ideal for our motto in creating novel 
coatings. So, the main goal of this project is to develop novel amphiphilic copolymers 
combining either of two or three properties (coming from PDMS, fluoropolymer, 
PEG) into one polymer system and formulate a coating using commercial elastomers 
such as PDMS or SEBS. 
To achieve this goal we prepared different styrene based monomers carrying mixed 
side chains of PDMS, perfluorinated, PEG and Tetraethylene glycol. By using these 
monomers novel copolymers characterized by different philicity/phobicity were 
synthesized.  
The copolymers proposed in this thesis are related to copolymers previously 
investigated in our lab and in Prof. Ober lab but they have completely different 
amphiphilic character. In fact, the hydrophilic and hydrophobic components are 
individually located in different polymer blocks of the copolymers. Moreover, they 
are expected to be more chemically and hydrolytically stable in a water environment 
and to self-assemble orderly in regular surface and bulk nanostructures, that were not 
possible in some of the previous materials. 
Amphiphilic polystyrene based random copolymers and terpolymers (Figure 2.1), 
amphiphilic polystyrene based diblock (Figure 2.2) and triblock copolymers (Figure 
2.3) synthesized by AIBN and NMP sequential polymerizations using styrene based 
monomers carrying mixed side chains of PDMS, perfluorinated, PEG and 
Tetraethylene glycol. The amphiphilic character of the each system was tuned by 
combination of the hydrophobic, hydrophilic and hydrophobic/lipophobic constituents 
in the polymer structure. These materials are expected to be suitable for AF/FR 
purposes, as they have mutual incompatible segments associated with selective 
segregation of either fluorinated or PDMS side chains along with PEG segments and 
generate nanostructured morphology. The amphiphilic character could be expected to 
lead to a hydrophobic surface in an air environment, which may rearrange in a 
responsive way to a more hydrophilic structure upon immersion in water. This creates 
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nanoscale heterogeneity at the surface to create ambiguity which is ideal for 
inhibiting/releasing the adhered organisms. 
 
 
 
Figure 2.1. Amphilic polystyrene based random copolymers and terpolymers 
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Figure 2.2. Amphiphilic polystyrene based diblock copolymers 
 
In order to impart low elastic bulk modulus, these copolymers blended in a low 
amount with SEBS or PDMS and then deposited on the top of the corresponding 
elastomeric film. The polystyrene backbone and the relatively long polysiloxane 
chains were anticipated to favor the dispersion of the copolymers in both matrices 
SEBS/ PDMS. Furthermore, we wanted to compare the mechanical properties, surface 
properties and biological performance of resulted coatings.  Also we wanted to test 
the toxicity of some of the blend coatings. 
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Figure 2.3. Amphiphilic polystyrene based triblock copolymers 
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CHAPTER 3: RESULTS AND DISCUSSION 
 
This chapter focuses on the synthesis and characterization of new classes of 
amphiphilic random copolymers and block copolymers for antifouling/fouling release 
applications via freeradical (AIBN) and control radical polymerization (NMP) 
techniques respectively. In this context novel copolymers based on styrene monomers 
carrying poly(dimethyl siloxane), poly(ethylene glycol), oligo(ethylene glycol) and 
perfluoroalkyl pendant chains were prepared and surface characterized and used as 
surface active polymers to prepare blend coatings with commercial elastomers 
(PDMS, SEBS) and to test their performance against marine organisms. 
3.1 RANDOM COPOLYMERS AND TERPOLYMERS 
Different sets of random copolymers and terpolymers were prepared from newly 
synthesized styrene functional monomers using AIBN free radical polymerization. 
3.1.1   Synthesis of the monomers 
Styrene-based monomers carrying poly(dimethyl siloxane), oligo(ethylene glycol),  
poly(ethylene glycol) and perfluoroalkyl pendant chains were selected and prepared 
successfully. Each side chain group has special unique properties which are essential 
in developing novel fouling release coatings. 
The first monomer poly(dimethylsiloxane) 4-vinylbenzoate (S) was prepared 
according to a conventional Steglich esterification reaction,
181
 in which a 
(monohydroxy-termianted poly(dimethlsiloxane) Mn = 1000 g/mol) was esterified 
using 4-vinylbenzoic acid in the presence of N,N
’
-dicyclohexylcarbodiimide (DCC) 
and a catalytic amount of 4-(dimethylamino)-pyridine (DMAP) (Scheme 3.1). The 
unreacted acid was removed by repeated recrystallization from n-hexane at – 20 °C. 
The purpose of this chemical modification was to achieve a monomer and polymers 
therefore would mainly exhibit hydrophobic character. In addition, the introduction of 
PDMS side chains to styrene was also expected to compatibilize a surface-active 
polymer with a PDMS matrix to prepare elastomeric coatings in the further stages. 
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Scheme 3.1. Synthesis of the monomer S 
 
The second monomer 4-[(methoxypolyethyleneglycol)ethoxymethyl]styrene (E) 
(Scheme 3.2) was prepared by etherification of 4-vinylbenzyl chloride with 
poly(ethyleneglycol monomethylether) (Mn = 550 g/mol) in a phase transfer process 
using tetrabutylammonium hydrogen sulphate (TBAHS) as phase transfer catalyst, 
and aqueous NaOH solution as a base.
182
 The resulting crude product was purified by 
double elution on silica gel (230 – 400 mesh) using methanol/dichloromethane (3/97 
v/v) as an eluent mixture. The purpose of etherification of 4-vinylbenzyl chloride with 
poly(ethyleneglycol monomethylether) was to impart hydrophilicity and well known 
protein repellence properties of poly(ethyleneglycol) (PEG) groups.
 
 
Scheme 3.2. Synthesis of the monomer E 
 
The third monomer (Scheme 3.3) 4-[(methoxytetraethyleneglycol)ethoxymethyl] 
styrene (TE) was prepared according to a literature procedure
183
 by reacting 4-
vinylbenzyl chloride with the sodium salt of tetra(ethylene glycol) monomethyl ether 
in dry THF. The crude product was purified by column chromatography (4:1 ethyl 
acetate/hexane). 
 
 
Scheme 3.3. Synthesis of the monomer TE 
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Finally, we prepared as a last monomer, (Scheme 3.4) 4-[(2’-perfluorohexylethoxy) 
methyl]styrene (F) by phase transfer process by reacting 1H,1H,2H,2H- 
perfluorohexyl ethanol with 4-vinylbenzyl chloride in the presence of NaOH.
182
 The 
crude product was purified by double elution on silica gel (230 – 400 mesh) using 
ethyl acetate/hexane (1/30 v/v) as an eluent mixture. It has been well documented that 
fluorocarbon segments of the type –(CF2)nCF3 have the lowest intermolecular 
interactions and posses highly hydrophobic and liphobic nature, thereby creating 
lowest surface energy materials.
94
 However, long perfluoroalkyl chains of the type –
(CF2)nCF3, where n>5, tend to degrade to form environmentally persistent 
perfluorooctanoic acid, which can resist degradation and bioaccumulate in human and 
animal tissues with a long biological half-live.
184,185
 To avoid that, we have restricted 
to relatively short –(CF2)5CF3 fluorocarbon segments. 
 
 
Scheme 3.4. Synthesis of the monomer F 
 
Our 
1
H NMR and GPC measurements confirmed that the repeating units of S and E 
contained unaltered side chains with respect to the oligomer precursors. Thus, no 
fractionation had occurred during the synthesis and work up of S and E. 
19
F NMR 
spectra confirmed the presence of fluorocarbon segments in monomer F. Thermal 
analysis by DSC revealed that the monomer S showed a glass transition temperature 
(Tg) at around -122 
o
C; the monomer E showed a melting temperature of fusion (Tf) 
around 17
 o
C, in addition to Tg around -49
 o
C.  
3.1.2 Synthesis of homopolymers, random copolymers and terpolymers  
The siloxane monomer S was alternatively polymerized with the fluorinated monomer 
F and PEGylated monomer E to get two sets of copolymers named as p(S-F)x/y and 
p(S-E)x/z (Scheme 3.5), with different molar percentage compositions x and y of each 
repeating unit. The copolymers were prepared by AIBN-initiated free radical 
polymerization in solution. Moreover, in order to combine the properties of the 
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hydrophobic/lipophobic monomer F with those of the hydrophilic monomer E a set of 
terpolymers (Scheme 3.5) were also prepared, named p(S-F-E)x/y/z, where x, y and z 
are the molar percentage composition of each components. Suitable solvents were 
trifluorotoluene (TFT), tetra hydrofuran (THF) and diglyme. 
 
Scheme 3.5. Synthesis of the random copolymers and terpolymers p(S-F)x/y,  
p(S-E)x/z, p(S-F-E)x/y/z 
 
Finally, we have synthesized homopolymers of S, F, E (Scheme 3.6). These 
hompolymers were prepared in order to compare physico-chemical properties, 
especially wettabilitiy with those of respective copolymers and terpolymers.  
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Scheme 3.6. Synthesis of hompolymers p(F), p(E), p(S) 
 
For the preparation of polymers p(S-F)x/y and p(S-F-E)x/y/z, p(F), trifluorotoluene 
(TFT) was used as a solvent; tetrahydrofuran (THF) was used as a solvent in the case 
of p(S), p(S-E) and diglyme was used in the case of p(E) to facilitate homogeneous 
polymerization conditions throughout the reaction time. The physico-chemical 
properties of all the copolymers, terpolymers and homopolymers are summarized in 
Table 3.1. 
The formation of co- and ter-polymers was confirmed by 
1
H NMR, 
19
F NMR and FT-
IR spectroscopies. Their composition was evaluated from the integrated areas of the 
1
H NMR signals at 0.5 ppm (SiCH2 of S), 2.4 ppm (CH2CF2 of F) and 4.14.6 ppm 
(COOCH2 of S and PhCH2O of F and E).  
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Table 3.1. Experimental conditions and physico-chemical properties of polymers 
 
Polymer 
Feed 
composition
a)
 
(mol %) 
Copolymer 
composition
b) 
(mol %) 
Copolymer 
composition
c)
 
(wt %) 
Mn
 d)
 
(g/mol) 
Mw/Mn
e) 
p(S) 100 100 100 n.d.
g)
 n.d.
g)
 
p(F) 100 100 100 n.d.
g) 
n.d.
g)
 
p(E) 100 100 100 14000 2.05 
p(S-F)89/11 90/10 89/11 95/5 11000 1.31 
p(S-F)83/17 75/25 83/17 92/8 16000 2.37 
p(S-F)51/49 50/50 51/49 71/29 11000 2.22 
p(S-F)18/82 25/75 18/82 34/66 11000 1.58 
p(S-E)87/13 90/10 87/13 92/8 18000 1.47 
p(S-E)71/29 75/25 71/29 81/19 15000 1.21 
p(S-E)57/43 50/50 57/43 69/31 29000 1.43 
p(S-F-E)56/18/26 50/25/25 56/18/26 71/10/19 21000 1.57 
p(S-F-E)24/46/30 25/50/25 24/46/30 39/32/29 28000 1.56 
p(S-F-E)57/26/17 50/40/10 57/26/17 73/14/13 39000 2.07 
a) Mole feed ratio of monomers S, F, E. 
b) Mole percentage of co-units S/F, S/E or S/F/E in the respective polymers.  
c) Weight percentage of co-units S/F, S/E or S/F/E in the respective polymers.  
d) Number average molecular weight, measured by GPC.  
e) Polydispersity index, measured by GPC. 
 
The yields of the polymerizations were generally quite high. By varying the 
comonomer feed we were able to prepare sets of copolymers with variable 
compositions. Due to the inherent amphiphilic nature of the system, it was not 
possible to find a non-solvent for the purification of copolymers of the type p(S-E)x/z 
when the predicted amount of E co-units higher than 50 mol %. The actual 
composition of copolymers and terpolymers was close to the feed ratio even when the 
yield of the reaction was quite low as 13%. This finding suggests that that the 
monomers have more or less similar reactivities, and hence the obtained copolymers 
had random structure with the different co-units statistically along the polymer 
backbone. However, it is impossible to predict how the combination of electronic and 
steric effects in the three monomers would give rise to the final reactivity in radical 
copolymerization. Nevertheless, it was possible to prepare copolymers and 
terpolymers in which different counits S, F and E were distributed over wide ranges 
45 
 
of compositions. This allowed us to put forward structure-property correlations in 
over subsequent studies. 
19
F NMR spectroscopy studies confirmed the actual 
introduction of the F co-units in the fluorinated copolymers and terpolymers (Figure 
3.1 and Figure 3.2). In fact, the spectra showed the characteristic resonance peaks of 
the perfluoroalkyl side chains at  chemical shifts (relative to internal reference of 
CF3COOH) of 5 ppm (-CF3), 38 ppm (-CH2CF2) and 46 to 51 (-CF2-), in the expected 
mole ratios 3: 2: 8. 
 
Figure 3.1. 
19
F NMR spectrum of the copolymer p (S-F)83/17 in CDCl3/CF3COOH. 
 
 
Figure 3.2. 
19
F NMR spectrum of the copolymer p(S-F-E)56/18/26 in 
CDCl3/CF3COOH. 
GPC results showed that the copolymers and terpolymers had a molecular weight 
(Mn) ranging from 11,000 g/mol to 39,000 g/mol using polystyrene standards for 
calibration. It should be noted that, due the difference in hydrodynamic volumes 
between the polymers and standards, the molecular weights evaluated are 
approximate. The monomodal shape on GPC with PDI (Mw/Mn) ranging from 1.3 to 
2.4 further supports the formation copolymers and terpolymers without occurrence of 
homopolymers. 
 
46 
 
3.1.3 Thermal and structural characterization  
The thermal behavior and thermal stability of the copolymers were studied by using 
DSC and TGA and WAXD experiments. 
 
3.1.3.1 Differential scanning calorimetry (DSC) 
The thermal behavior of copolymers and terpolymers was studied by differential 
scanning calorimetry (DSC), to detect the thermal transitions. Thermal analysis by 
DSC revealed that each set of copolymers displayed a peculiar thermal behavior that 
depended on both chemistry and composition of the copolymer. All the copolymers 
belonging to the p(S-F)x/y class (Table 3.2) were amorphous and showed a glass 
transition temperature (Tg) at around –125 
o
C (Figure 3.3), which correlated well with 
that of the siloxane homopolymer (Tg = –123 
o
C). On the other hand, the Tg attributable 
to the fluorinated co-units was detectable only for the copolymer p(S-F)18/82 (Tg = 12 
o
C), richer in fluorine content.  
 
 
Figure 3.3. DSC heating traces of p(S-F)x/y copolymers compared with those of p(F) 
homopolymer  
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Table 3.2. Thermal properties of hompolymers of S and F compared 
with those of p(S-F)x/y polymers 
Polymer Tg,1 (°C)
 a) Tg,2 (°C)
 b) 
p(S) -123 / 
p(S-F)89/11 -126 n.d.
c) 
p(S-F)83/17 -125 n.d.
 c) 
p(S-F)51/49 -125 n.d.
 c) 
p(S-F)18/82 -126 12 
p(F) / 8 
a) Glass transition temperature associated with S 
b) Glass transition temperature associated with F 
c) Not detected by DSC 
 
Similarly, the copolymers of the p(S-E)x/z class showed the Tg at –124 
o
C (Figure 
3.4) due to the siloxane moieties, whereas the Tg associable to the ethoxylated 
component (Tg  –65 
o
C) was detected when the E percentage was higher than 13 
mol% (Table 3.3).  
 
Figure 3.4. DSC heating traces of p(S-E)x/z copolymers compared with those             
of p(E) homopolymer 
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Table 3.3. Thermal properties of hompolymers of S and E compared with those of 
p(S-E)x/z polymers 
Polymer Tg,1 (°C)
 a) Tg,2 (°C)
 b) Tcc (°C) 
c) Tf (°C)
 d) 
p(S) -123 / / / 
p(S-E)87/13 -124     n.d. 
e) n.d. e) n.d. e) 
p(S-E)71/29 -124 -64 n.d. 
e) n.d. e) 
p(S-E)57/43 -126 -68 n.d. 
e) -7 
p(E) / -67 -32 17 
a) Glass transition temperature associated with S 
b) Glass transition temperature associated with E. 
c) Cold Crystallization temperature associated with E. 
d) Fusion temperature assocaited with E. 
e) n.d  = not detected by DSC 
Terpolymers p(S-F-E)x/y/z (Table 3.4) behaved as copolymer p(S-E)x/y, exhibiting 
both the Tg of siloxane and ethoxylated moieties (Figure 3.5), when the E content was 
higher than 17 mol%. In no case, the glass transition of the fluorinated component 
was detected. Various types of polymers carrying fluoroalkyl side chains have been 
shown to self-assemble in liquid crystal mesophases.
186-189
 There was no evidence of 
the onset of a thermotropic mesophase in the p(S-F)x/y and p(S-F)x/y/z polymers or 
the homopolymer p(F). This is due to the limited length of perfluoro hexyl chain of F 
which does not provide sufficient anisotropic character for the onset of a thermotropic 
mesophase. 
                                 Table 3.4. Thermal properties of terpolymers p(S-F-E)x/y/z 
Polymer Tg,1 (°C)
 a)
 Tg,2 (°C)
 b)
 
p(S-F-E)56/18/26 -125 -65 
p(S-F-E)24/46/30 -128 -64 
p(S-F-E)57/26/17 -124 n.d.
c) 
a) Glass transition temperature associated with S. 
b) Glass transition temperature assocaited with E. 
c) n.d not dected by DSC  
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Figure 3.5. DSC heating traces of p(S-F-E)x/y/z copolymers 
3.1.3.2 Thermogravimetric analysis (TGA) 
To evaluate the thermal stability of the polymers, thermal gravimetric analysis (TGA) 
was performed under nitrogen atmosphere starting from room temperature up to 700 
o
C with a heating rate of 10 
o
C/min. All the copolymers and terpolymers were found 
to be stable and showed weight loss lower than 1% upto 230
 o
C to  260 
o
C (Tonset). 
The maximum decomposition temperature of the polymers was found to be around 
(Tmax) 400 
o
C to 420 
o
C (Figure 3.6). The weight loss was almost total at 500 
o
C. The 
copolymers richer in S co-units seemed to be more stable, signifying the greater 
thermal and chemical stability of siloxane polymers. All these findings confirmed that 
the thermal stability of the polymers, which ensured that the thermal and thermo-
mechanical treatments would not damage the polymer films to any considerable 
extent. The values of Tonset and Tmax are summarized in the table 3.5. 
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Figure 3.6. TGA traces of copolymers and terpolymers 
Table 3.5. Thermogravimetric data of hompolymers, copolymers and terpolymers 
Polymer 
Tonset
 a)
 
(°C) 
Tmax
 b)
 
(°C) 
Weight loss 
c)
 
(%) 
p(S) 371 424 93 
p(F) 315 386 98 
p(E) 342 395 92 
p(S-F)89/11 367 422 99 
p(S-F)83/17 364 417 99 
p(S-F)51/49 336 412 99 
p(S-F)18/82 319 400 89 
p(S-E)87/13 375 419 98 
p(S-E)71/29 363 411 95 
p(S-E)57/43 364 414 98 
p(S-F-E)56/18/26 361 418 96 
p(S-F-E)24/46/30 339 398 97 
p(S-F-E)57/26/17 359 417 99 
a) Temperature of initial degradation. 
b) Temperature of the maximum weight loss rate. 
c) Weight loss percentage at the end of degradation. 
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3.1.3.3 Wide angle X-ray diffraction (WAXD)  
Wide-angle X-ray diffraction (WAXD) experiments were performed on polymer 
samples p(S-F)89/11, p(S-F)51/49 and p(S-F)18/82 in which the composition of the 
perfluorinated chains F co-units substantially differed from one another. WAXD 
spectra of the first two copolymers richer in S co-units composition, were similar and 
showed only a weak diffuse signal at 7 Å (Figure 3.7 and Figure 3.8). This signal was 
attributed to the microphase segregated polysiloxane chains. There was a slight 
increase in the periodicity from 7.2 Å to 7.6 Å when the temperature increased from 
25 °C to 150 °C due to thermal expansion. 
 
 
Figure 3.7. WAXD spectra of copolymer p(S-F)89/11. 
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Figure 3.8. WAXD spectra of copolymer p(S-F)51/49. 
The copolymer p(S-F)18/82 richer in F co-units showed three signals which were 
partially overlapped (Figure 3.9). The first signal at 2θ = 11.9o, was attributed to 
segregated polysiloxane chains and the other two signals at 2θ = 16.2 and 17.6 were 
attributed to disordered structure of perflourinated side chains with an intermolecular 
distance between the chains 6 Å. No variations of spectra were recorded when the 
temperature rose from 25 °C to 150 °C. 
 
53 
 
 
Figure 3.9. WAXD spectra of copolymer p(S-F)18/82. 
Smectic mesophases are normally observed in polymer containing similar fluroalkyl –
(CH2)m(CF2)nF side groups giving rise to ordered smectics.
190,191
 However, From the 
WAXD and DSC results we conclude that the copolymers of the type p(S-F)x/y were 
amorphous and there was no evidence of formation of liquid crystalline mesophases. 
The random distribution of perfluorinated side chains which inhibited the self-
assembly process for the formation of ordered structures, at least on the length scale 
detectable by WAXD and DSC measurements. 
3.1.4 Preparation of polymer films 
One-layer polymer films were prepared by spin coating 3% (w/v) solutions of 
polymer in toluene or TFT. The spin coated polymers were dried in air overnight and 
then annealed at 120 
o
C in a vacuum oven at reduced pressure for 12 h. 
 
3.1.4.1 Wetting behavior and surface energy 
Static contact angle measurements were performed with both polar and nonpolar 
liquids on thin one-layer polymer films. AFM height and phase images showed that 
all the surfaces were smooth and the effect of roughness on contact angle 
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measurements might be neglected.
192
 Three different methods (OWK, KN)
105,108
 were 
adopted for the comparative evaluation of surface tensions. 
 
3.1.4.1.1 Contact angles of the one-layer polymer films 
Two different test liquids, water and hexadecane were used to measure the static 
contact angle values θw and θh respectively. 
The hompolymer p(F) was found to be both hydrophobic (θw = 111 ± 1
o
) and 
lipophobic (θh = 73 ± 4
o
) with hexadecane, as expected for fluorinated polymer 
surfaces. The hompolymer p(S) was found to be hydrophobic (θw = 116 ± 1
o
) but to 
be (θh ~ 0
o
) indicating the lipophilic nature of the surface being dominated my PDMS 
chains. On the other hand, p(E) was hydrophilic (θw = 63 ± 1
o
) and lipophilic (θh ~ 
0
o
), probably due to its mixed chemical nature with polyoxyethylene side chains. The 
contact angles of some of the copolymers and terpolymers were found to be unstable 
and decreased with time (2-10
o
 change)   or became stable after some period of time 
(25 seconds). Figure 3.10 demonstrates the change in contact angle values with the 
change in time of the copolymers p(S-E)87/13 and p(S-F-E)57/26/17. 
 
 
Figure 3.10. Change in contact angle with change in time of the copolymers p(S-
E)87/13  (left)   and p(S-F-E)57/26/17 (right) 
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All the copolymer and terpolymer films were found to show water contact angle 
higher than 100
 o
 (Table 3.6).  
Table 3.6. Contact angles of one-layer films with water and hexadecane 
Polymer θw (°) θh (°) 
p(S) 116 ± 1 ~ 0 
a)
 
p(F) 111 ± 1 73 ± 4 
p(E) 63 ± 1 ~ 0 
a)
 
p(S-F)89/11 103 ± 1 ~ 0 
a)
 
p(S-F)83/17 104 ± 1 ~ 0 
a)
 
p(S-F)51/49 108 ± 1 
b)
 ~ 0 
a)
 
p(S-F)18/82 110 ± 1 72 ± 1 
p(S-E)87/13 100 ± 1 
c)
 ~ 0 
a)
 
p(S-E)71/29 102 ± 1 ~ 0 
a)
 
p(S-E)57/43 104 ± 1 ~ 0 
a)
 
p(S-F-E)56/18/26 109 ± 1 ~ 0 
a)
 
p(S-F-E)24/46/30 103 ± 1 64 ± 1 
p(S-F-E)57/26/17 108 ± 2 
c)
 ~ 0 
a)
 
a) Not accurate, because of wetting.  
b) Not accurate, stabilizes after 20 - 25seconds. 
c) Not accurate, stablizies after 10 - 15 seconds.  
 
This suggests that the outer layers of the polymer film populated and dominated by 
perfluorinated and PDMS side chains. Furthermore, for the copolymer films of the 
type p(S-F)x/y there was an increasing in trend of water contact angle with the 
increase in F co-units. Some of the copolymers which in F co-units were also found to 
be lipophobic. It was also noticed that, hexadecane significantly wetted all other 
copolymer and terpolymer films. These results suggest that, although there was 
considerable effect of surface segregation of domination by fluorinated groups 
because of their lowest surface energy, the PDMS side chains also enriched the 
surface. Thus, there was interplay competition between the two moieties which 
dictated the ultimate contact angle values. 
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3.1.4.1.2 Surface energy of the one-layer films  
The surface energies of polymer films were calculated using three different methods 
and the results summarized in table 3.7. The values of OWK of the copolymers with 
higher F co-units  displayed lower surface energies (<17mN/m) as expected due to 
their hydrophobicity and lipophobicity.  
Table 3.7. Surface tension of homopolymer and copolymer films calculated using 
different methods 
Film 
Surface tension [mN/m] 
γdOWK
 γpOWK
 γOWK
 a) 
γKN 
b) 
 
γH2O γC16 
p(S) n.d.
 c)
 n.d.
 c)
 n.d.
 c)
 6.1 n.d. c) 
p(F) 11.4 1.1 12.5 8.1 12.0 
p(E) n.d.
 c)
 n.d.
 c)
 n.d.
 c)
 25.1 n.d.
 c)
 
p(S-F)89/11 n.d.
 c)
 n.d.
 c)
 n.d.
 c)
 10.2 n.d.
 c)
 
p(S-F)83/17 n.d.
 c)
 n.d.
 c)
 n.d.
 c)
 10.5 n.d.
 c)
 
p(S-F)51/49 n.d.
 c)
 n.d.
 c)
 n.d.
 c)
 8.9 n.d.
 c)
 
p(S-F)18/82 12.0 1.2 13.2 8.3 12.5 
p(S-E)87/13 n.d.
 c)
 n.d.
 c)
 n.d.
 c)
 11.5 n.d.
 c)
 
p(S-E)71/29 n.d.
 c)
 n.d.
 c)
 n.d.
 c)
 11.0 n.d.
 c)
 
p(S-E)57/43 n.d.
 c)
 n.d.
 c)
 n.d.
 c)
 10.0 n.d.
 c)
 
p(S-F-E)56/18/26 n.d.
 c)
 n.d.
 c)
 n.d.
 c)
 8.4 n.d.
 c)
 
p(S-F-E)24/46/30 14.2 2.3 16.5 10.6 14.5 
p(S-F-E)57/26/17 n.d.
 c)
 n.d.
 c)
 n.d.
 c)
 8.5 n.d. c) 
a) Surface tension calculated according to OWK method 
b) Surface tension calculated according to KN method with water and hexadecane 
c) n.d. =  not determined due to the instability of the contact angle with hexadecane.  
In all cases, the dispersive component (dOWK < 15 mN/m) was predominant while 
polar component (pOWK < 3 mN/m) appeared to be lower. The values of KN 
calculated from θw were found to be lower than  OWK (p(F) γOWK = 12.5 mN/m,  γKN = 
8.1 mN/m).  
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3.2 COATINGS  
In order to study the morphology, wetting behavior and antifouling/fouling release 
performance, coatings were prepared according to a two-layer strategy. A thin layer of 
an amphiphilic copolymer blended with a elastomer PDMS or SEBS elastomer was 
spray caoted on a preformed low elastic modulus bottom layer of PDMS or SEBS 
(Figure 3.11).
93,193 
The films were annealed at 120 
o
C in a vacuum oven at reduced 
pressure for 12 h to facilitate the formation of equilibrium structure. One control 
coating of each PDMS or SEBS was included in the measurements for comparison 
purposes with the blend coatings.
 
 
Figure 3.11. Schematic representation of PDMS- and SEBS-based two layer coatings. 
The PDMS coatings are actually composed of one more layer (thickness  2 m) 
spray coated on glass. Such layer has the same chemical composition of the thicker 
layer and it is incorporated in it in cartoon. 
3.2.1 Preparation of SEBS blend coatings 
In a first stage, the glass substrates were chemically modified with glycidyl groups by 
(3-glycidoxypropyl)-trimethoxysilane (GPS)-functionalization, in a second stage the 
glycidyl groups were then reacted with the maleic anhydride (MA) groups of SEBS-
MA ; a bottom layer cast on the glass surface (Scheme 3.7). The covalent anchorage 
of the bottom layer to the glass substrate was necessary to prevent delamination of the 
polymer films in water during biological assays.  
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Scheme 3.7. Reaction of glass functionalization by GPS and SEBS-MA covalent 
anchorage. 
Finally, a blend copolymer with SEBS was spray coated on the low elastic modulus 
(SEBS+SEBS-MA) bottom layer. Copolymers and terpolymers were dispersed in 
SEBS with  a different weight percentage namely 93, 85, 70, 30 wt% and the coatings 
obtained are named as p(S-F)x/y_SEBSw, p( S-E)x/z_SEBSw, p(S-F-E)x /y/ 
z_SEBSw.  
Out of the different blend coatings prepared, the coatings containing 30 wt% of 
SEBS, i.e p(S-F)x/y_SEBS30, (S-E)x/z_SEBS30, (S-F-E)x/y/z_SEBS30 were found 
to be translucent and mechanically not robust possibly owing to an excessive loading 
of polymer in the matrix . So, these coatings were not used for further studies. 
 
3.2.2 Preparation of PDMS blend coatings                                                                   
The polymer was dissolved in chloroform together with the bis(silanol)-terminated 
PDMS and the ES40 cross-linker, in the presence of bismuth neodecanoate as a 
catalyst. Unlike previous work done by our group where dibutyltin diacetate 
(DBTDA) was the curing catalyst,
 96
 the catalyst of choice was here bismuth 
neodecanoate. In fact, our group has recently shown that bismuth-catalyzed PDMS 
coatings are not toxic in laboratory assays against several marine species.
193
  
The blend solution was spray coated on preformed low elastic modulus PDMS bottom 
layer on glass slides and cured at room temperature and vacuum dried at 120 
o
C.  
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Condensation of PDMS with the silanol groups (Scheme 3.8) of the glass surface 
ensured firm covalent anchorage.  
 
 Scheme 3.8. Reaction of crosslinking of PDMS matrix and anchorage to the glass 
The copolymers and terpolymers (7 wt% loading) were dispersed in PDMS (93 wt% ) 
and the resulting blend coatings are named as p(S-F)83/17_PDMS93, p(S-
E)87/13_PDMS93, p(S-F-E) 56/18/26_PDMS93. According to this procedure, the 
copolymer was physically incorporated, not chemically linked into a semi-
interpenetrated network structure. Therefore a combination of a low surface energy, 
amphiphilic copolymer with a low modulus, siloxane component could enhance 
antifouling properties against different marine organisms. 
3.2.3 Surface characterization 
The prepared SEBS and PDMS blend coatings were surface characterized by contact 
angle, AFM, and XPS analyses. 
 
 3.2.3.1 AFM analysis 
In order to study the topography and morphology on some of the SEBS based blend 
coatings and SEBS reference, atomic force microscopy was performed in air on dry 
samples. The Rq values were found to be higher than Ra and both values increased 
when the measured area increased (Table 3.8). However, the roughness was modest 
(Rq <65 nm, Ra <50 nm), and hence the effect of surface roughness on contact angle 
measurements would be neglected. The roughness (in the range of µm) would be 
more pronounced in the case of superhydrophobic nonpolar films.
194 
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Table 3.8. AFM Roughness of SEBS blend coatings 
Blend coating 
Roughness
 a)
 [nm] 
1 x 1 μm2 5 x 5 μm2 
Ra Rq Ra Rq 
p(S-F)51/49_SEBS70 4.0 5.7 29 37 
p(S-E)71/29_SEBS85 4.8 6.8 13 16 
50p(S-F)51/49-50p(S-E)71/29_SEBS70 / / 7,9 11 
p(S-F-E)57/26/17_SEBS85 / / 50 64 
 
The free polymer films of SEBS (Figure 3.12) displayed a morphology of spherical 
domains of polystyrene (~ 20 nm in diameter) dispersed in the continuous matrix of 
the ethylene-butylene block.
93 
 
Figure 3.12. AFM phase (left) and height (right) images of the SEBS film after 
annealing 
The blend coating p(S-E)71/29_SEBS85 (Figure 3.13) displayed distinguish 
morphology of  spherical domains of SEBS polystyrene ,(diameter ~ 100 nm) to that 
of reference SEBS. The increase in polystyrene phase could be attributed due the 
preferential segregation of copolymer in the matrix.  
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Figure 3.13. AFM phase (left) and height (right) images of the p(S-E)71/29_SEBS85 
after annealing 
p(S-E)87/13_SEBS93 displayed a non-classical morphology (Figure 3.14), in which 
the two polymeric components of the mixture were separated into heterogeneous 
domains. This could be due to the decrease in miscibility between dispersed phase and 
matrix thus result in semicompatible polymer blend. 
From the AFM images (Figures 3.14 and Figure 3.15), it can be seen that, surface 
homogeneity increased and roughness decreased on annealing the blend coating. The 
clear macrophase seperation in the corresponding virgin non-annealed film, which 
appeared to more opaque (Table 3.9) (Ra = 309 nm, Rq = 393 nm) further points to a 
semicompatible blend. This can highlight the importance of annealing process when 
fabricating blend coatings. 
Table 3.9. Roughness of the p(S-E)71/29_SEBS93 films before and after annealing 
(size 50 x 50 μm2) 
Polymer film 
Roughness 
[nm] 
Ra Rq 
p(S-E)71/29_SEBS93 before annealing  309 393 
p(S-E)71/29_SEBS93 after annealing  66 85 
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Figure 3.14. AFM phase (left) and height (right) images of the p(S-E)87/13_SEBS93 
after annealing at 120 
o
C. 
.  
 
Figure 3.15. AFM phase (left) and height (right) images of the p(S-E)87/13_SEBS93 
before annealing  
3.2.3.2 Wetting behavior and surface energy 
Static contact angle were measured with both polar and nonpolar liquids on the blend 
coatings. AFM height and phase images showed that all the surfaces were smooth and 
the effect of roughness on contact angle measurements could be neglected.
192
 The 
OWK method
105
 was used for evaluation of surface tensions. 
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3.2.3.2.1 Contact angles of the blend coatings 
Static contact angles of the SEBS and PDMS blend coatings were measured using two 
test liquids water and hexadecane and their values were compared with SEBS and 
PDMS controls as reference. 
The SEBS control was found to be hydrophobic and partially lipophobic as expected 
due to the nature of aromatic-aliphatic hydrocarbon elastomer (Table 3.10). The 
SEBS blend coatings (Table 3.10) were found to be hydrophobic (θw  102°) and 
partially lipophobic (θh  39°). However the SEBS blend coatings p(S-F)x/y showed 
high water and hexadecane contact angles. The inclusion of the fluorinated copolymer 
in the top layer especially affected the lipophobic character of the coatings, being θh 
larger than that of SEBS. This result is in agreement with previous data for 
amphiphilic SEBS films.
93
 The blend coatings p(S-E)x/z were less hydrophobic 
compared to the fluorinated blends, and less lipophobic. This suggests that the 
presence of siloxane side chains, stabilize the water contact angle, while the inclusion 
of oxyethylene units make these coatings less lipophobic. On the other hand, the 
contact angles of terpolymer SEBS blend coatings were found to be in between the 
range of two copolymer p(S-E)x/z, p(S-F)x/y SEBS blend coatings.  
All these findings suggest that the copolymers and terpolymers dispersed in the SEBS 
matrix were segregated at the surface and thus resulted in significant changes in 
contact angle values compared to control SEBS. In particular the coatings containing 
fluorinated side chains were preferentially surface segregated to minimize the surface 
energy. Along with fluorinated side chains, there was also a considerable effect of 
siloxane side chain units imparting amphilicity to the system by bringing oxyethylene 
side chains to the surface. In SEBS blend coatings of the terpolymers as well as in 
those with the mixture (50/50 w/w %) of the two copolymers p(S-F)51/49, p(S-
E)71/29, the greater tendency of segregation of fluorinated side chains resulted in 
high values of both θh and θw. 
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Table 3.10. Contact angles of SEBS blends coatings with water and hexadecane 
Film θw (°) θh (°) 
SEBS 102 ± 1 47 ± 3 
p(S-F)83/17_SEBS93 110 ± 1 50 ± 2 
p(S-F)51/49_SEBS85 112 ± 2     54 ± 3 
b)
 
p(S-F)51/49_SEBS70    110 ± 1 
a)
     49 ± 3 
b)
 
p(S-E)87/13_SEBS93 103 ± 1 38 ± 2 
p(S-E)71/29_SEBS85 102 ± 2 44 ± 2 
p(S-E)71/29_SEBS70 102 ± 1 44 ± 3 
50p(S-F)51/49-50p(S-E)71/29_SEBS85 105 ± 3 49 ± 2 
p(S-F-E)56/18/26_SEBS93 102 ± 1 48 ± 1 
p(S-F-E)57/26/17_SEBS85 106 ± 2 59 ± 1 
a) Not stable with the time.  
b) Not stable, after 10-15 seconds stablizies  
The PDMS control was found to be hydrophobic and liphophilic (Table 3.11), typical 
of siloxane elastomers. PDMS-based blend coatings (Table 3.11) exhibited high 
contact angles with water (θw  105°), even though the contact angles with n-
hexadecane were generally lower (θh  40°) and tended to decrease with time as a 
consequence of the lipophilicity of the matrix and the copolymer. The PDMS side 
chains of copolymer and terpolymer served as compatibilzer with the PDMS matrix, 
whereas fluorinated and oxyethylene side chain units served to balance the 
philicity/phobicity and impart amphiphilicity to the system. 
 Table 3.11. Contact angles of PDMS blends coatings with water and hexadecane 
Film θw (°) θh (°) 
PDMS 110 ± 1 33 ± 2 
a)
 
p(S-F)83/17_PDMS93    105 ± 1 
b)
 29 ± 1 
a)
 
p(S-E)87/13_PDMS93 109 ± 1 40 ± 1 
a)
 
p(S-F-E)56/18/26_PDMS93 109 ± 1 39 ± 1 
a)
 
a) Not stable. In 2 minutes 20 o change  
b) Not stable, stablizies after 10 - 15 seconds. 
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Some of the SEBS blend coatings were immersed in water to investigate the change in 
contact angle values with the time of immersion at different time intervals and to 
know the reconstruction phenomenon of the surface. The results of water immersion 
contact angles were summarized in table 3.12. 
 Table 3.12. Water contact angle values at different immersion times 
Film 
θw [°] 
t = 0 2 h 4 h 6 h 1 d 3 d 7 d 14 d 
p(S-F)51/49_SEBS85
 a)
 112±2 105±1 108±1 105±1 107±3 104±1 103±2 102±3 
p(S-F)51/49_SEBS70
 b)
 110±1 108±1 108±1 107±1 110±1 105±1 108±3 105±1 
p(S-E)71/29_SEBS85 102±2 96±1 96±1 97±2 97±1 95±1 95±1 92±2 
p(S-E)71/29_SEBS70 102±1 102±1 100±1 102±1 101±1 99±1 99±2 94±1 
p(S-F-E)57/26/17_SEBS85 106±2 103±2 103±1 106±1 104±2 104±2 96±2 93±3 
     d = day/s, h = hours. 
a) 12 - 18° variation in 2 minutes.  
b) 14 - 18° variation in 2 minutes. 
There was a general decreasing in trend of water contact angle from the time of 
immersion to the first 2-6 hours and to till 14 days. But, surprisingly the measured 
water contact angles after 6 hours seemed to be following a trend of alternate 
increasing and decreasing (Figure 3.16 and Figure 3.17) in a oscillatory fashion. This 
is quite unexpected result with the previous results reported in the literature for 
amphiphilic or amphiphilic fluorinated or amphiphilic PDMS surfaces.
84,86,88,93
 It 
seems that if it were to be associated with the reconstruction of gradual and 
continuous external surface of the film. This would be possible by adopting various 
confirmations of macromolecular chains as a result of different interactions of side 
chains with water differently or one could speculate that through the regeneration of 
the surface after migration of some or full side chains from bulk to surface. As a 
result, we have seen a temporary increase in water contact angle after immersion in 
water which appeared to be decreased as the time progressed due to the exposure of 
oxyethylene side chains.
93 
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Figure 3.16. Conact angle with water as a function of immersion time of blend 
coatings p(S-E)71/29_SEBS85,  p(S-E)71/29_SEBS70. 
 
 
Figure 3.17. Conact angle with water as a function of immersion time of blend 
coating p(S-F-E)57/26/17_SEBS85 
The hexadecane water immersion contact angles (Table 3.13) also decreased by the 
time progressed (Figure 3.18). Although, the reconstruction process is complex, as the 
time progressed there was a decrease in contact angle which made the surface more 
lipophilic. 
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Table 3.13. Contact angle with n-hexadecane at different immersion times. 
Film 
θh [°] 
t = 0 7 d 14 d 
p(S-F)51/49_SEBS85
 a)
 54 ± 3 34 ± 3 30 ± 2 
p(S-F)51/49_SEBS70
 b)
 49 ± 3 30 ± 2 29 ± 2 
p(S-E)71/29_SEBS85 44 ± 2 40 ± 1 36 ± 2 
p(S-E)71/29_SEBS70 44 ± 3 34 ± 2 33 ± 1 
p(S-F-E)57/26/17_SEBS85 
c)
 59 ± 1 42 ± 4 45 ± 4 
           d = days. 
a) 10 - 12° variation in 2 minutes.   
b) 15° variation in 2 minutes.  
c) 8° variation in 2 minutes.  
 
 
 
Figure 3.18. Contact angle with n-hexadecane as a function of immersion time of 
SEBS blend coatings. 
3.2.3.2.2 Surface energy of the blend coatings 
To extract solid surface tension values from experimental θ values, we used Owens-
Wendt-Kaelble approach. The surface tensions S calculated for the blend coatings, 
the respective pristine copolymers and the SEBS and PDMS controls are also 
presented in Table 3.14. Despite their only partial lipophobicity, SEBS-based coatings 
displayed substantially lower surface energies (18.9 mN/m  OWK  22.7 mN/m) than 
that of the matrix (25.4 mN/m). This suggests that the surface-active copolymer was 
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segregated at the polymer-air interface, driven there by the lowest surface energy 
component whether fluorinated or siloxane. This behaviour was more marked for 
coatings containing the fluorinated copolymers, for which the S values slightly 
decreased with increasing the F co-units. 
The PDMS blends coatings displayed a more complex behavior and a trend of S with 
copolymer composition was not observed, even though the S values still accounted 
for films with a low surface energy (21.8 mN/m  S  24.7 mN/m) very similar to 
that of unfilled PDMS (S = 23.3 mN/m). 
Table 3.14. Surface tensions for PDMS- and SEBS based coatings
a
 
Blend coating 
 
S
db)
 
(mN/m) 
 
S
pb)
 
(mN/m) 
 
S
b) 
(mN/m) 
SEBS 24.8 0.6 25.4 
p(S-F)83/17_SEBS93 18.6 0.3 18.9 
p(S-E)87/13_SEBS93 21.9 0.8 22.7 
p(S-F-E)56/18/26_SEBS93 19.3 1.3 20.6 
PDMS 23.3 0.0 23.3 
p(S-F)83/17_PDMS93 24.4 0.3 24.7 
p(S-E)87/13_PDMS93 21.6 0.2 21.8 
p(S-F-E)56/18/26_PDMS93 22.0 0.1 22.1 
a) Measured with water and n-hexadecane. 
b) Calculated with the Owens-Wendt-Kaelble method: Sd dispersion component, Sp 
polar component. 
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3.2.3.2. 3. X-ray electron spectroscopy 
Atomic surface concentrations for the blend coatings were determined at two 
photoemission angles  of 70° and 20° by angleresolved XPS. Experimental data are 
summarized in Table 3.15.  
Table 3.15. XPS atomic composition of the PDMS- and SEBS-based coatings before 
(dry) and after (wet) water immersion for seven days at different photoemission 
angles . 
Coating  
 
 
dry Wet 
C 
(%) 
F 
(%) 
O 
(%) 
Si 
 
C 
(%) 
F 
(%) 
O 
(%) 
Si 
(%) 
p(S-F)83/17_SEBS93
a) 70° 56.4 4.9 24.5 14.2 55.6 4.3 25.3 14.8 
 
20° 61.6 3.8 22.5 12.2 62.3 3.7 22.5 11.5 
p(S-E)87/13_SEBS93
b) 70° 60.8 0 25.7 13.5 61.6 0.0 25.2 13.2 
 
20° 75.3 0 24.1 0.6 67.1 0.0 21.9 11.0 
p(S-F-E)56/18/26_SEBS93
c) 70° 54.8 13.0 24.1 8.0 57.8 12.7 20.2 9.3 
 
20° 69.4 9.2 15.3 6.1 68.9 7.8 16.7 6.6 
p(S-F)83/17_PDMS93
a) 70° 48.1 10.6 26.8 14.5 53.2 1.3 29.3 16.2 
 
20° 50.1 6.8 28.2 14.8 51.4 1.0 29.0 18.6 
p(S-E)87/13_PDMS93
b) 70° 52.7 0 30.4 16.9 50.3 0.0 31.1 18.6 
 
20° 51.7 0 29.6 18.7 53.2 0.0 29.3 17.5 
p(S-F-E)56/18/26_PDMS93
c) 70° 48.0 10.0 26.6 15.4 53.1 4.9 26.7 15.3 
 
20° 50.7 4.5 28.0 16.8 52.4 1.9 28.4 17.3 
a) The theoretical composition of the copolymer p(S-F)83/17 is: 61% carbon, 19% 
oxygen, 16% silicon, 4% fluorine.  
b) The theoretical composition of the copolymer p(S-E)87/13 is: 63% carbon, 21% 
oxygen, 16% silicon.  
c) The theoretical composition of the terpolymer p(S-F-E)56/18/26 is: 64% carbon, 20% 
oxygen, 12% silicon, 4% fluorine. 
SEBS coatings containing the fluorinated component showed a surface enriched in 
fluorine, (4.9% for p(S-F)83/17_SEBS93 and 13% for p(S-F-E)56/18/26_SEBS93) 
compared to the theoretical percentage calculated for the pristine co- and ter-polymer 
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( 4%) on the basis of their stoichiometric composition. Besides fluorine, the surfaces 
contained carbon, oxygen and silicon, indicating that the fluoroalkyl, PEGylated and 
siloxane chains of the amphiphilic copolymer simultaneously populated the surface. 
In particular, they were enriched in oxygen, while silicon and carbon contents were 
lower with respect to the theoretical composition. Similarly, fluorinated PDMS 
surfaces were highly enriched in fluorine and their atomic percentages changed with 
, consistent with a composition gradient along the polymer surface normal. The F 
percentage decreased with increasing sampling depth (e.g. it passed from 10% to 
4.5% in going from  = 70° to  = 20° for p(S-F-E)56/18/26_PDMS93). Moreover, 
the oxygen and silicon percentages were, respectively, larger than and similar to the 
theoretical values, confirming the selective segregation of the co- and ter-polymers at 
the polymer-air interface. However, it is not possible to exclude the fact that the 
PDMS matrix could also have had a direct effect on the surface composition, by 
inflating the percentage of oxygen and silicon.  
An angle-dependent XPS analysis was also carried out on the samples after 
immersion in water for 7 days (wet samples), with the aim of ascertaining whether the 
surface of the coatings could undergo surface reconstruction. The surface composition 
of the wet films is expected to be that corresponding to a kinetically trapped 
condition, rather than the equilibrium state when in contact with water. The XPS 
spectra of the wet surface can, therefore, be considered indicative of the chemical 
composition when the surface is in contact with water.  
The elemental analysis showed that composition varied with  and the F atomic 
percentage followed the same trend discussed for the pristine surfaces. For SEBS-
based coatings, it was found that the composition of the surfaces changed only 
slightly, remaining more or less constant after immersion in water (e.g. F, O, Si and C 
percentages passed from 13.0%, 24.1%, 8.0% and 54.8% in the dry state to 12.7%, 
20.2%, 9.3% and 57.8% in the wet state at  = 70° for p(S-F-E)56/18/26_SEBS93). 
Similar behavior was also shown by the fluorine-free p(S-E)87/13_PDMS93 coating. 
On the contrary, fluorinated PDMS coatings displayed a more marked reconstruction 
upon immersion in water with a significant decrease in fluorine content (e.g. F 
percentage passed from 10.0% in the dry state to 4.9% in the wet state at  = 70° for 
p(S-F-E)_PDMS93).
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3.2.4 Mechanical properties of the blend coatings 
Stress()-strain() mechanical tests were performed to evaluate the tensile properties 
of the coatings. SEBS, PDMS and their two-layer coatings containing 7 wt% of p(S-
E)87/13 in the top layer were used for mechanical studies. As an example, stress and 
strain curves of p(S-E)87/13_SEBS93 and p(S-E)87/13_PDMS93 are plotted in 
Figure 3.19. The different trend of the curves was indicative of the different 
mechanical behavior of the two elastomers, being PDMS-based coatings characterized 
by lower values of stress and elongation at break than SEBS-based coatings (Table 
3.16). Moreover, the elastic modulus value (E) calculated for PDMS (E = 0.13 ± 0.06 
MPa) was one order of magnitude lower than that calculated for SEBS (E = 3.94 ± 
0.34 MPa). There was no significant change in elastic modulus for coatings 
containing the copolymer, being E = 0.23 ± 0.14 MPa for p(S-E)87/13_PDMS93 and 
E = 2.35 ± 0.65 MPa for p(S-E)87/13_SEBS93. These findings show that the 
inclusion of the copolymer in the top layer did not significantly affect the mechanical 
properties of the matrix itself. This finding supports results previously obtained for 
films prepared by direct incorporation of the copolymer in the thicker layer of the 
matrix.
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Figure 3.19. Stress and strain curve for p(S-E)87/13_SEBS93 (left) and p(S-
E)87/13_PDMS93 (right). 
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Table 3.16. Tensile test results for PDMS- and SEBS-based coatings and 
corresponding matrices. 
Film E (MPa)
a)
 max (MPa)
b)
 
max (%)
c)
 
SEBS 3.94 ±0.34 5.93 ± 0.82 930 ± 67 
p(S-E)87/13_SEBS 2.35 ± 0.65 7.46 ± 2.07 1040 ± 53 
PDMS 0.13 ± 0.06 0.20 ± 0.05 201 ± 98 
p(S-E)87/13_PDMS 0.23 ± 0.14 0.32 ± 0.05 114 ± 33 
a) Elastic modulus calculated as the tangent to the curve at 10% elongation.  
b) Maximum stress at break  
c) Maximum elongation at break. 
 
3.2.5 Biological assays 
The interesting surface properties of the blend coatings of SEBS and PDMS 
encouraged us to carry out biological assays. We wanted to see if our coatings would 
have any toxicity, so we have carried out toxicological assays on some of the blend 
coatings and evaluated the antifouling/fouling release performance against macro alga 
Ulva and the diatom Navicula. These two organisms are most commonly involved in 
soft fouling and have been used as model system to test the surfaces efficiency. Out of 
the different polymer blends prepared, copolymer blends p(S-F)83/17, p(S-E)87/13 
and p(S-F-E)56/18/29 with a 7wt% of loading of either SEBS or PDMS matrix, were 
selected for algal and navicula assays as they contained comparable contents of F and 
E co-units. For eco toxicology assays, assessment of  biofilm formation, we have used  
SEBS blend coatings with dispersed quantity of 15% and 30% of copolymer in SEBS 
p(S-F)51/49, p(S-E)71/29. SEBS and/or PDMS were used as controls in each assay. 
 
3.2.5.1 Toxicity assay 
International guidelines were followed to evaluate the toxicity of the blend coatings 
according to the protocol ISO 15118-1 which would determine the release rate of 
biocides from antifouling paints. The blend coatings were leached and the acute 
toxicity of the coatings at different times of immersion was estimated by observing 
the percentage change of autofluorescence (λ = 490 nm) using Vibrio fischeri 
bacterium (after 15 min of incubation). A screening test (maximum percent of effect, 
I%) was performed prior to submitting samples to a full test (identification of 
ecotoxicological parameters such as EC20/50). It was found that the percentage of 
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effect was below the threshold of 50 %, indicating the absence of acute toxicity. This 
ensured us not to make full test to find out half maximal effective concentration 
(EC50). In some cases even negative values were observed, which could be interpreted 
as an effect of biostimulation (hormesis, biphasic effect that a substance causes 
depending on the administered dose) . The sea water used in the leaching process 
(control) showed total absence of toxicity. The data are summarized in Table 3.17.   
 
Table 3.17. Acute toxicity test of bacterial bioluminescence (screening test) with 
Vibrio fischeri (15 min incubation) with values expressed in percentage with respect 
to time zero. 
 Days 
Film 1 3 7 14 21 28 
SEBS -0.6 -1.9 -2.7 6.0 5.0 1.9 
p(S-F)51/49_SEBS85 4.7 -2.9 -2.9 5.3 9.1 0.4 
p(S-F)51/49_SEBS70 3.6 -6.0 -14.7 20.3 -1.0 -7.5 
p(S-E)71/29_SEBS85 14.4 -1.1 -22.4 10.7 5.4 -1.3 
p(S-E)71/29_SEBS70 -2.0 1.2 -18.6 9.5 3.4 1.7 
Control (sea water) -10.0 1.6 -1.9 9.1 7.3 0.2 
 
3.2.5.2 Assessment of biofilm formation 
We wanted to assess the antifouling/fouling release performance of the blend coatings 
when they were exposed to a variety of species in natural seawater. So, blend coatings 
were immersed in natural sea water environment for 96 hours to evaluate the adhesion 
of the total biomass (protein & nucleic acids) by using crystal violet assay
195
 and total 
protein Lowry method.
196
 The idea of immersing the blend coatings in sea is to mimic 
the real environment with submerged surfaces and to expose to set of different 
organisms (eg, bacteria, fungi, unicellular algae) present in natural sea water. The 
method of crystal violet widely used for the assessment of  biofilm formation showed 
the absence of significant differences (Figure 3.20) between the individual blend 
coatings, and control along with  glass as a reference (glass, 0.35 ± 0.1 data not shown 
in figure). However, the method can lead to an overestimation of the biomass 
analyzed due to the ability of the dye crystal violet, which tend to bind to all surfaces, 
and show absorbance in excess. To avoid that, preliminary readings were made on the 
blend coatings and glass which were not exposed to biofilm formation. The treatment 
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with crystal violet indicated a binding capacity to the surface of the glass only for 
supporting the film quantifiable around 0.1 absorbance units at 600 nm. The samples 
were then normalized by subtracting these values to the readings. 
 
Figure 3.20. Biomass microfouling by the method of crystal violet after exposure of 
the slides in the natural environment for 96 hours. Each sample was analyzed in 
triplicate and the averages were analyzed by one-way analysis of variance (Dunnett's 
test). 
Using Lowry method, we evaluated the total biomass covered on the surfaces (Figure 
3.21). It was found that the surfaces p(S-F)51/49_SEBS70, p(S-F)51/49_SEBS85 had 
less protein compared to control SEBS. However, it was not possible to show the 
differences statistically due to the lack of replicates in case of blend coatings. The 
total protein from blank (glass) was found to be 19.9 ± 1.7 µg/ml (data was not shown 
in Figure 3.21). 
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Figure 3.21. Biomass microfouling by Lowry method on SEBS blend coatings after 
exposure to 96 hours in natural sea water. (3 replicates of SEBS and each one 
replicate of blend coatings) 
3.2.5.3 Settlement of zoospores of Ulva linza 
p(S-F)83/17, p(S-E)87/13 and p(S-F-E)56/18/29 with a 7wt% of loading in either 
SEBS or PDMS matrix on preformed SEBS or PDMS layers, were used to study the 
settlement behavior of zoospores of Ulva linza. Coated glass slides were immersed in 
a tank containing deionised water and leached for 14 days. Samples were equilibrated 
with artificial seawater for 1 hour before the start of spore settlement assay. Zoospores 
were released from fertile plants of Ulva linza and prepared for assay as described in 
literature.
197
 Spore settlement was 45 mins using 10ml of a suspension of spores (1 x 
10
6
 spores/ml). The density of adhered spores (Figure 3.22) was determined by 
autofluorescence of chlorophyll. 
 
  
Figure 3.22. The density of adhered spores on PDMS (left) and SEBS (right) control 
determined by autofluorescence of chlorophyll  
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The mean density of spores settled (attached) on the test surfaces is shown in Figure 
3.23. In general, SEBS-based and PDMS-based coatings showed different biological 
properties against the macroalga U. linza. Specifically, all the PDMS-based films 
reduced the density of settled spores compared to the PDMS control and coatings 
containing ethoxylated units were more effective than those with fluorinated units. 
This finding is in agreement with previous results, which showed that experimental 
coatings containing ethoxylated chains inhibited spore settlement.
93
 SEBS films 
exhibited lower spore settlement compared to PDMS coatings, which is consistent 
with the observation that high densities of spores generally settle on PDMS 
elastomers. 
 
Figure 3.23. Mean number of Ulva linza spores/mm
2
 attached to PDMS- and SEBS-
based coatings and their respective controls after 45 min settlement. Each value is the 
mean from 90 counts on three replicates. Error bars show 95 % confidence limits. 
 
3.2.5.4 Attachment strength of sporelings of Ulva linza 
The settled spores germinated and grew well on all coatings and a green lawn of 
sporelings covered all of the surfaces after 7 days. The quantity of biomass broadly 
reflected the density of spores that attached on the surface. Water channel was used to 
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assess the strength of sporelings.
19
 Figure 3.24 depicts the biomass before and after 
flow channel. 
 
Figure 3.24. Biomass of Ulva sporelings before and after water channel. Each point 
is the mean biomass from 6 replicate slides measured using a fluorescence plate 
reader (RFU: relative fluorescence unit). Error bars represent 95% confidence limits 
and were calculated from arcsine-transformed data. 
The mean percentage of biomass removed after exposure to a wall shear stress of 52 
Pa is shown in Figure 3.25. Percentage removal from all of the PDMS-based coatings 
was higher than from the PDMS control. Notably, the amphiphilic coatings p(S-
E)87/13_PDMS93 and p(S-F-E)87/13_PDMS93 showed more than 70% removal, and 
were significantly different (P<0.05) to the PDMS control, which only had less than 
20% of the biomass removed. By contrast, all of the SEBS-based coatings showed 
poor release of sporelings, all having lower percentage removal (5.9% to 15.5%) than 
the SEBS control (28.3%). 
 For a better comparison of the coating systems, two sets of films were prepared 
according to the same two-layer geometry which consisted of a thin top layer of a 
blend between the polymer (7 wt%) and the matrix (SEBS or PDMS) deposited on a 
thicker bottom layer of the matrix alone. This strategy is widely used for SEBS-based 
coatings,
93
 even though the content of the copolymer incorporated in the top layer was 
so far much higher (90100 wt%). By contrast, this approach is essentially new for 
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the preparation of PDMS-based coatings, for which a one-layer strategy is generally 
reported consisting of the dispersion of a polymer in a thick layer.
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Figure 3.25. Percentage removal of sporelings of U. linza from each PDMS- and 
SEBS-based coatings and their respective controls after exposure to a wall shear 
stress of 52 Pa for 5 min. Each value represents the mean removal of biomass on six 
replicates.Error bars represent 95% confidence limits and were calculated from 
arcsine-transformed data. 
 
However, segregation of the surface-active polymer is expected to be facilitated in the 
thin top layer of a two-layer coating, even when a lowest surface energy fluorinated 
component is replaced by a comparatively high surface energy component, e.g. the 
siloxane side chains in p(S-E)87/13. This geometry allowed the independent control 
of the bulk thickness and elastic modulus properties on one hand, and the surface and 
interface properties on the other hand, with the use of a very low amount of a surface-
active polymer. It is widely stated that bioadhesion of hard fouling organisms is 
proportional to (E)1/2, where E and  are the elastic modulus and the surface tension 
of the coating, respectively.
97
 In particular, low adhesion corresponds to low elastic 
modulus because the mobility of the low modulus surface allows the bioadhesive to 
slip during interfacial failure. The elastic modulus was also shown to play an 
important role in the detachment of U. linza sporelings at a 55 Pa shear stress from 
PDMS coatings. A removal of 80% of sporelings was achieved for low modulus (E = 
0.2 and 0.8 MPa) coatings, whereas almost no release was observed for the highest 
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modulus (E = 9.4 MPa) coating tested. Furthermore, the removal of sporelings was 
significantly reduced at E = 2.7 MPa. Thus, it would be expected that the modulus 
recorded for SEBS-based coatings (E = 2.33.9 MPa) in the present study would only 
permit a low release. The thickness of the coating is another important parameter in 
release of foulers. Chaudhury et al.
198
 also demonstrated that removal of sporelings of 
U. linza was significantly improved for a coating of 100 m or higher compared to 16 
µm. we prepared elastomeric films with an overall thickness of 150200 m. 
Moreover, SEBS-based coatings as well as PDMS-based coatings exhibited generally 
low surface tensions (18.9 mN/m  S  24.7 mN/m), due to the migration of the 
lower surface energy component (S or F) to the polymer air–interface. In particular, 
XPS analysis of coatings containing the fluorinated polymers p(S-F)83/17 and p(S-F-
E)56/18/26 revealed that they were highly enriched in fluorine content, with this 
being even higher than the theoretical value calculated for the pristine polymers. 
However, the two sets of coatings markedly differed in surface chemical composition, 
possibly due to a difference in the efficiency of segregation of the polymers at the 
outermost layers. This may be reflected in their different response to the external 
environment. In fact, while the chemical composition of SEBS-based coatings 
remained essentially stable after immersion in water for 7 days, the PDMS-based 
coatings, especially those containing either fluorinated polymer, changed, there being 
a significant reduction in fluorine content. This suggests a more marked amphiphilic 
nature of these coatings , like previously reported in the literature.
93
  
Surprisingly, at an applied shear stress of 52 Pa, SEBS and PDMS controls were 
found to exhibit similar release of sporelings of U. linza, which is not what one would 
expect on the basis of their elastic modulus. However, if higher shear stress values 
had been applied, it is likely that differences would have been seen as shown in 
Weinman et al.
87
 The shear stress used in the present experiment was chosen to 
maximise the differences in release from the coatings containing the surface-active 
polymers. PDMS-based coatings demonstrated higher release of sporelings with 
respect to the corresponding SEBS-based coatings. The inclusion of the copolymers 
has positive effects only for PDMS coatings (Figure 3.26), while no significant 
improvement in SEBS coatings was detected with respect to their own control. These 
findings suggest that the ten-fold lower elastic modulus of PDMS-based coatings 
resulted in enhanced fouling-release efficacy. However, ascribing such big differences 
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in biological performances solely to the mechanical properties appears simplistic and 
one has to consider compositional effects of the outer surface. In fact, the same 
copolymer blended with the two elastomers originated very different surfaces. 
 
     
     
     
Figure 3.26. Images of Ulva sporeling biomass of the coatings before (left) and after 
(right) the flow channel. The images are in the order from top to bottom as PDMS, 
p(S-E)87/13_PDMS93, p(S-F-E) 56/18/26_PDMS93. For each image, the first film is 
a blank (glass), the rest are replicas of the each same sample. 
In particular, immersed PDMS coatings were found to be richer in oxygen and silicon 
and poorer in carbon and fluorine with respect to the corresponding SEBS coatings. 
The presence of the ethoxylated chains in the PDMS-based coatings also favoured the 
release of sporelings of U. linza, being p(S-E)87/13_PDMS93 the best performer 
(release of 90%) not containing the fluorinated component. 
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3.2.5.5. Settlement of Navicula diatom 
Unlike Ulva spores that are motile and therefore able to “select” where to settle, 
diatom cells are not motile in the water column and reach a surface through transport 
in currents and gravity. In laboratory assays, the cells sink rapidly and form an even 
covering on the test surfaces. Any differences in the number of cells attached after 
gentle washing indicates their ability to adhere to a particular surface. All the coatings 
were leached for 9 days. The diatom assay followed the methods described in 
literature.
199
 Settlement was for 2 hours using 10ml of Navicula culture. Diatoms are 
more prone to effect and attach on hydrophobic surfaces and less towards hydrophilic 
surfaces.
84,122,124,200
 Compared to PDMS and p(S-F)83/17_PDMS93 (hydrophobic), 
the attachment of diatoms on p(S-E)87/13_PDMS93 and p(S-F-E)56/18/26_PDMS93 
(amphiphilic) surfaces, were found to be less (see Figure 3.27). 
Though the difference in attachment is not significant, SEBS blend coatings also 
show less attachment of diatoms compared to SEBS standard. 
 
Figure 3.27. The density of diatom cells after 2 hours settlement. Each point is the 
mean from 90 counts (30 on each of 3 replicate slides). Bars show 95% confidence 
limits. 
3.2.5.6. Adhesion strength of Navicula diatom 
A flow channel measures how strongly the cells adhere to a surface. The adhesion 
strength of attached Navicula cells was determined by assessing the proportion of 
cells removed after exposure to a wall shear stress of 24 Pa (Figure 3.28). Cells 
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adhered more strongly on all the coatings and no significant removal was shown on 
all the coatings. Although the poor performance of all the coatings was not understood 
clearly, the lower removal was attributed due to high content of hydrophobic chains in 
polymer and lower hydrophilicity of the coatings (θw ≥102
o
).
141 
 
Figure 3.28. Percentage removal of Navicula cells after shear stress of 24 pa. Bar 
show 95% confidence limits. 
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3.3 BLOCK COPOLYMERS  
One of the main aims of this project was to prepare regular diblock copolymers of the 
AB type starting from different pairs of the four monomers S, E, F, TE. After a period 
of time of the project we have realized that it was not possible to prepare diblock 
copolymers using ATRP and NMP controlled radical polymerization techniques. This 
was possibly due to the failure of the chain initiation or chain growth under ATRP 
conditions owing to steric effects of the bulky macromonomers. In the case of NMP it 
was speculated that there was lack of formation of '"unimer" which is commonly 
considered as the first necessary stage in NMP. 
Due to the unsuccessful attempts to prepare diblock copolymers, we have changed our 
strategy and a TEMPO-terminated polystyrene employed as (MI) macroinitiator to 
prepare diblock and triblock copolymers from S, E, F, TE using NMP. 
3.3.1 Synthesis of polystyrene macroinitiators 
A polystyrene macroinitiator (MI) was prepared by NMP of styrene using benzoyl 
peroxide (BPO) as initiator and (2,2,6,6-tetramethylpiperidin-1-yl)oxide radical as a a 
reversible chain end terminator (TEMPO) (Scheme 3.9). The polymerizations were 
carried out in bulk at 125 
o
C using a constant mole ratio of TEMPO/BPO (1.5: 1) in 
the presence of 2-fluoro-1-methylpyridinium p-toulenesulfonate (FMPTS) by 
changing styrene/BPO mole ratios and different reaction times. The last two 
parameters were changed according to the convenience to prepare polystyrene with 
different molecular weights which then could be used in the sequential block 
copolymerization of monomers S, E, F and TE. The role of FMPTS in the NMP of 
styrene is that the organic acid would decrease the concentration of nitroxide radicals, 
thus increasing the number of active growing polymer chains to be involved in the 
propagation step.
201,202
 
The prepared macroinitiators were characterized by GPC using polystyrene standards 
and  molecular weights were found to be in the range from 1700 g/mol to 12,800 
g/mol which correspond to polymerization degrees 16 and 123, respectively. In any 
case the polydispersities were quite narrow (1.10 < Mw/Mn < 1.23) and the reactions 
well agreed with the living character of the radical polymerization. Table 3.18 
summarizes the results of the styrene macroinitator formation and physico-chemical 
properties. 
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Table 3.18. Experimental conditions and physico-chemical properties of polystyrene 
macroinitiators. 
Run
a)
 Styrene
b)
 BPO TEMPO treac
c)
 Yield
d)
 Mn
e)
 Mw/Mn
f)
 
 (g) (mmol) (mmol) (mmol) (h) (%) (%)  
MI1 22.70 218 1.10 1.54 15 57 12800 1.16 
MI2 17.50 168 2.01 3.01 15 87 10800 1.23 
MI3 68.00 653 8.20 12.3 12 25 2300 1.14 
MI4 20.00 192 2.40 3.5 13 8 1700 1.10 
a) Prepared polystyrene macroinitiators.  
b) Styrene employed as monomer.  
c) Reaction time.  
d) Yiled calculated as [polymer weight / (monomer weight + TEMPO weight +BPO 
weight)]100  
e) Number average molecular weight evaluted by GPC using RI detector.   
f) Polydispersity index evaluated with IR detection. 
 
 
Scheme 3.9. Mechanism for radical polymerization mediated by TEMPO and 
initiated by BPO for the preparation of polystyrene macroinitiators MI1-MI4.
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1
H NMR analysis confirmed the formation of polystyrene macroinitiators and it was 
possible to identify the BPO and active end group TEMPO peaks in the spectra in the 
MI4 which has significantly lower molecular weight. 
3.3.2 Synthesis of diblock copolymers  
The prepared polystyrene macroinitiators were used as first block in sequential 
polymerization to prepare diblock copolymers (Table 3.19) of the type AB, AC, AD, 
which in turn were used for the preparation of triblock copolymers ABC, ACB, ACD, 
ADC and ABD. 
Using polystyrene macroinitiators MI1, MI3 and MI4, the NMP of monomers S and 
TE was carried out to form different sets of (AB type) p(Sty-b-S) (Scheme 3.10) , 
(AC type)  p(Sty-b-TE) (Scheme 3.11) block copolymers and in order to tune the 
copolymer composition and the relative length of the second block. Within the same 
series of AC type, copolymers of type p(Sty-b-E) (Scheme 3.12) were prepared by 
using MI3 macroinitiator and monomer E which has relatively longer side chains of 
oxyethylene units. 
 
Scheme 3.10. Synthesis of diblock copolymers p(Sty-b-S) via NMP 
 
 
Scheme 3.11. Synthesis of diblock copolymers p(Sty-b-TE) via NMP 
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Scheme 3.12. Synthesis of diblock copolymers p(Sty-b-E) via NMP 
 
Table 3.19. Synthesis of diblock copolymers 
Copolymer MI Macroinitiator Monomer treac
a) 
Yield
b) 
  (mmol) (mmol) (h)               (%) 
p(Sty-b-S)a MI1 0.0029 0.44 88 55 
p(Sty-b-S)b MI4 0.0153 1.46 24 54 
p(Sty-b-S)c MI4 0.0127 0.99 8 23 
p(Sty-b-S)d MI3 0.0528 2.02 16 34 
p(Sty-b-TE)a MI1 0.0115 1.73 88 52 
p(Sty-b-TE)b MI4 0.0558 5.68 24 28 
p(Sty-b-TE)c MI4 0.0329 2.54 13 47 
p(Sty-b-TE)d MI3 0.0884 7.12 8 51 
p(Sty-b-TE)a MI3 0.1298 4.59 67 24 
  p(Sty-b-F)a MI3 0.1500 6.90 72 30 
  p(Sty-b-F)b MI3 0.0900 9.4 112 32 
a) Reaction time.  
b) Yield calculated as [weight of polymer / (weight of monomer + weight of 
macroinitiator)]100  
 
Furthermore using polystyrene macroinitiator MI3, the NMP of monomer F was 
carried out to form diblock copolymers (AD type) p(Sty-b-F) (Scheme 3.13) 
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Scheme 3.13. Synthesis of diblock copolymers p(Sty-b-F) via NMP 
 
The physico-chemical properties of diblock copolymers are summarized in Table 
3.20.  
Table 3.20. Physico-chemical properties of diblock copolymers 
Copolymer x
a)
 y
a)
 Sty
b)
 Mn
a)
 Mn
c)
 Mw/Mn
c)
 
   (% wt)    
p(Sty-b-S)a 123 112 9 143000 15300 1.12 
p(Sty-b-S)b 16 95 1 112000 14000 1.34 
p(Sty-b-S)c 16 21 6 26100 10100 1.12 
p(Sty-b-S)d 22 37 5 50200 12200 1.24 
p(Sty-b-TE)a 123 770 5 250000 25500 1.21 
p(Sty-b-TE)b 16 117 4 39500 11500 1.20 
p(Sty-b-TE)c 16 29 15 11000 6000 1.17 
p(Sty-b-TE)d 22 53 12 19600 11700 1.27 
p(Sty-b-TE)a 22 8 34 2300 8800 1.09 
p(Sty-b-F)a 22 17 22 10400 13600 1.29 
p(Sty-b-F)b 22 37 13 20060 17000 1.31 
a) Number average molecular weight of the polymer and Polymerization degree of Sty and 
S calculated by 
1
H-NMR.  
b) Weight percentage of Sty.  
c) Number average molecular weight and polydispersity index caluculated by GPC.  
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The polymerizations were carried out in solution, using diglyme, anisole or TFT as a 
solvent at 125 
o
C with different molar ratio of monomer to macroinitiator and variable 
reaction times. Block copolymers p(Sty-b-E) and p(Sty-b-TE) were purified by either 
repeated precipitations from chloroform into n-hexane or repeated extractions in 
hexane. Copolymers of the type p(Sty-b-S) and p(Sty-b-F) were purified by 
precipitations from chloroform into methanol.  
The 
1
H NMR spectra proved that S, E, TE, F were successfully incorporated into 
diblock copolymers. This was further supported by an increased molecular weight 
with respect to macroinitiators by GPC analysis (Figure 3.29). Moreover, the GPC 
traces were monomodal with low polydispersities consistent with the absence of 
homopolymer or unreacted macroinitiator in the purified block polymers. 
 
Figure 3.29. GPC traces of MI3, p(Sty-b-E)a, p(Sty-b-F)a, p(Sty-b-TE)d, p(Sty-b-S)d. 
In the case of p(Sty-b-F) copolymers, 
19
F spectra further confirmed the incorporation 
of F block (Figure 3.30). 
The chemical composition of the copolymers was calculated by 
1
H NMR from the 
integrated areas of the resonance signals at 4.4 ppm (PhCH2O of TE and E and 
PhCOOCH2 of S) or 4.5 ppm (PhCH2O of F) and 8.0 and 6.2 ppm (aromatic). Since 
the polymerization degree (DPn) of p(sty) macroinitiators was known, it was possible 
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to calculate the polymerization degree (DPn) of the second blocks and molecular 
weight of diblock copolymers. The Mn values from GPC should be considered as an 
approximation of the actual values, as the block copolymers do not have the same 
hydrodynamic volumes compared to polystyrene standards used for calibration. 
 
 
      Figure 3.30.  19F-NMR Spectra of copolymer p(S-SF)a (in CDCl3/CF3COOH). 
3.3.3 Synthesis of triblock copolymers  
The living nature of diblock copolymers encouraged us to further prepare triblock 
copolymers. So, some of the diblock copolymers of the classes p(Sty-b-S) , p(Sty-b-
TE), p(Sty-b-E) and p(Sty-b-F) were employed as macroinitiators under NMP 
conditions using S, TE, E, F as monomers to prepare triblock copolymers (Table 3.21) 
of the types ABC p(Sty-b-S-b-TE) (Scheme 3.14), ACB (p(Sty-b-TE-b-S) (Scheme 
3.15), ACD p(Sty-b-E-b-F) (Scheme 3.16) and ADC p(Sty-b-F-b-E) (Scheme 3.17), 
p(Sty-b-S-b-F) (ABD) (Scheme 3.18). 
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Scheme 3.14. Synthesis of triblock copolymers p(Sty-b-S-b-TE) via NMP 
 
 
Scheme 3.15. Synthesis of triblock copolymers (p(Sty-b-TE-b-S) via NMP 
 
 
Scheme 3.16. Synthesis of triblock copolymers p(Sty-b-E-b-F) via NMP 
 
 
Scheme 3.17. Synthesis of triblock copolymers p(Sty-b-F-b-E) via NMP 
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Scheme 3.18. Synthesis of triblock copolymers p(Sty-b-F-b-S) via NMP 
            Table 3.21. Synthesis of triblock copolymers 
Copolymer 
Macroinitiator
a)
 Monomer treac  
b)
 Yield
c)
 
Type (mmol) (mmol) (h)
 
(%) 
p(Sty-b-S-b-TE)a p(Sty-b-S)d 0.0069 1.67 94 28 
p(Sty-b-S-b-TE)b p(Sty-b-S)d 0.0057 2.14 94 27 
p(Sty-b-S-b-TE)c p(Sty-b-S)c 0.0021 1.53 113 33 
p(Sty-b-TE-b-S)a p(Sty-b-TE)b 0.0023 0.44 88 32 
p(Sty-b-TE-b-S)b p(Sty-b-TE)b 0.0064 0.60 88 34 
p(Sty-b-TE-b-S)c p(Sty-b-TE)d 0.0258 0.98 94 20 
p(Sty-b-TE-b-S)d p(Sty-b-TE)d 0.0125 1.26 94 19 
p(Sty-b-E-b-F)a p(Sty-b-E)a 0.1413 3.03 73 29 
p(Sty-b-F-b-E)a p(Sty-b-F)a 0.0481 2.97 88 35 
p(Sty-b-F-b-E)b p(Sty-b-F)a 0.0169 3.37 92 31 
p(Sty-b-F-b-S)a p(Sty-b-F)b 0.0249 1.03 48 53 
p(Sty-b-F-b-S)b p(Sty-b-F)b 0.0149 1.70 48 64 
a) Diblock used as macroinitiator to prepare triblock.  
b) Reaction time. 
c) Yield calculated as  [weight of polymer / (weight of monomer + weight of 
macroinitiator)]100  
All the reactions were performed in solution using anisole or diglyme or mixture of 
anisole / TFT at 125 
o
C by varying monomer to diblock macroinitiator ratio in order 
to obtain different lengths of last block. The triblock copolymers were purified by 
repeated precipitations with non solvent relevant to the last block incorporated (eg. 
methanol for p(Sty-b-TE-b-S), n-hexane for p(Sty-b-S-b-TE), n-hexane for p(Sty-b-F-
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b-E), methanol for p(Sty-b-S-b-F)). Generally reaction times were very long and the 
conversion is low (<50% by weight).The physico-chemical properties of triblock 
copolymers are summarized in Table 3.22. 
Table 3.22. Physico-chemical properties of triblock copolymers 
Copolymer x
a)
 y
a)
 z
a)
 % wt
b)
 Mw/Mn 
c)
 
p(Sty-b-S-b-TE)a 22 37 ~ 4830 ~ 97 1.86 
p(Sty-b-S-b-TE)b 22 37 186 57 1.98 
p(Sty-b-S-b-TE)c 16 21 ~ 6000 ~ 99 1.86 
p(Sty-b-TE-b-S)a 16 117 175 84 1.40 
p(Sty-b-TE-b-S)b 16 117 ~ 3000 ~ 99 1.24 
p(Sty-b-TE-b-S)c 22 53 143 90 1.15 
p(Sty-b-TE-b-S)d 22 53 245 94 1.18 
p(Sty-b-E-b-F)a 22 8 17 55 1.60 
p(Sty-b-F-b-E)a 22 17 175 90 1.81 
p(Sty-b-F-b-E)b 22 17 250 95 1.70 
p(Sty-b-F-b-S)a 22 37 28 61 1.60 
p(Sty-b-F-b-S)b 22 37 44 71 1.63 
a) Polymerization degree of first (x), second (y) and third block (z)  caluculated by 1H-
NMR.  
b) Weight percentage of the third block.  
c) Number average molecular weight and polydispersity index caluculated by GPC. 
 
Our 
1
H NMR studies revealed the effective incorporation of the third block in the 
block polymer. However, the composition of third block was in general so high 
which made difficult in integrating other two blocks with accuracy. For this 
reason the values of the degree of polymerization (DPn) was to be considered as 
an approximation of the actual composition of the copolymers. The chemical 
composition of the copolymers was calculated by 
1
H NMR spectroscopy from 
the integrated areas of the resonance signals at 0.1 ppm (SiCH3 of S), 2.5 ppm 
(CH2CF2 of F) and 4.4 ppm (PhCH2O of T and E and PhCOOCH2 of S). 
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19
F NMR spectroscopy allowed confirming the actual introduction of the F co-units in 
triblock copolymers (Figure 3.31). In fact, the spectra showed the characteristic 
resonance peaks of the perfluoroalkyl side chains.  
 
Figure 3.31.  
19
F NMR spectra of copolymer p(Sty-b-E-b-F)a (in CDCl3/CF3COOH). 
 
GPC results further confirmed the formation of neat triblock copoylmers. In general 
the GPC traces of triblock copolymers were monomodal with lower retention time 
values compared to the respective diblock retention times (Figure 3.32 and Figure 
3.33). However, the polydispersities were larger (Mw/Mn = 1.2 to 2.0) along with the 
high degree of polymerization (DPn) of third block. This indicated a poorer control of 
the polymerization unlike in the case of diblock copolymerization. The limited control 
of the polymerization was attributed to different factors such as high monomer to 
diblock macroinitiator ratio, difficulty of the second block to initiate the 
polymerization due to the presence of dead end polymer chains or the high molecular 
weight of diblocks which would limit the mobility of the polymer chains and thus the 
reactivity in solution. 
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                  Figure 3.32. GPC traces of MI3, p(Sty-b-E)a and p(Sty-b-E-b-S)a  
 
 
       Figure 3.33. GPC traces of p(Sty-b-TE)d, p(Sty-b-TE-b-S)c and p(Sty-b-TE-b-S)d  
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3.3.4 Thermal properties  
3.3.4.1 Differentail Scanning Calorimetry (DSC) 
The phase transitions and their dependence on the copolymers compositions were 
investigated by means of differential scanning calorimetry (DSC) carried out from – 
160 
o
C to 120
 o
C with a scanning speed of 10  20 °C/min. In general, semicrystalline 
polymers showed a melting temperature and a crystallization temperature (Tf, Tc) with 
associated enthalpies (ΔHf, ΔHc); a cold-crystallization temperature (Tcc) also detected 
on heating above the Tg with an enthalpy (ΔHcc). Amorphous polymers exhibited 
solely glass transition temperature of (S). 
The thermal properties of homopolymers p(TE), p(S), p(E), p(F) and p(sty) (MI) 
macroinitiators were also evaluated (Figure 3.34) which were used for the 
comparisons with those of the copolymers. 
 
                         Figure 3.34. DSC traces of hompolymers and MI3 
Polystyrene macroinitiators(MI)  were found to be amorphous and showed one glass 
transition temperature as expected for polystyrene. The polystyrene macroinitiator 
which has highest molecular weight MI1 showed a Tg around 100 
o
C (∆cp = 0.36 
J/gK) while the polystyrene macroinitiator which has lowest molecular weight MI3, 
showed a Tg of 86 °C (Δcp = 0.40 J/gK). These observations are well in accordance 
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with the well known dependence of Tg on series of different molecular weight 
polystyrene polymers. 
The homopolymer p(TE) was found to be amorphous with (Tg = -49 ° C ; Δcp ≈ 0.1 
J/gK) while the homopolymer p(E) (longer chain length of oxyethylene units) was 
found to be semicrystalline with a crystallization temperature Tc of (ΔHc = 42.3 J/g) of 
-32 ° C and a melting temperature of 17 °C (ΔHf = 63.9 J/g). This polymer could also 
crystallize above the glass transition temperature (Tg = - 67 °C) at -52 °C (ΔHcc = 19.3 
J/g). Finally, the homopolymers p(S) and p(F) showed only glass transitions centered 
at -124 ° C (Δcp = 1.16 J/gK) and 17 ° C (Δcp = 0.12 J/gK) , respectively. The thermal 
behavior of p(F)  was quite unexpected as the perfluorinated side chains containing 
homopolymers tend to self-organize to  form liquid crystalline mesophases.
194
  
The diblock copolymers p(Sty-b-S), p(Sty-b-TE), p(Sty-b-E) and p(Sty-b-F) (Figure 
3.35) showed thermal behavior significantly different from each other due to the 
differences in chemical structure  and composition of the second block.  
 
                          Figure 3.35. DSC traces of different diblock copolymers 
In all cases, it was possible to detect the glass transition temperature (Table 3.23) 
associated with the polystyrene block (Tg varied between 69 and 99 °C), except for the 
copolymer p(Sty-b-S)d which had lowest content of polystyrene block (5 % by 
weight).  
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         Table 3.23. Themal properties of different diblock copolymers 
Copolymer 
Sty  
(wt %)
a)
 
Tg,1 
(°C)
b)
 
Tg,2  
(°C)
c)
 
Tcc  
(°C)
 d)
 
Tf  
(°C)
 e)
 
p(Sty-b-S)d 5 n.d. –124 – – 
p(Sty-b-TE)d 12 69 –49 – – 
p(Sty-b-E)a 30 99 –58 0 17 
p(Sty-b-F)a 22 74 n.d. – – 
a) Weight percentage of styrene.  
b) Glass transition temperature of the styrene block.  
c) Glass transition temperature of the second block.  
d) Cold crystallization temperature of the block E.  
e) Fusion temperature of the block E. 
Moreover, all the diblock copolymers, except p(Sty-b-F)a also showed the glass 
transition temperature of second block (Tg,2 = –49 °C for p(Sty-b-TE)d and Tg,2= –58 
°C for p(Sty-b-TE)a). In addition to Tg,2,  for the copolymer p(Sty-b-E)a, first-order 
transition temperatures (Tf = 17 °C and Tcc = 0 °C ) were recorded typical of the 
corresponding homopolymer E. 
These results suggest that the prepared diblock copolymers micro-seperated in 
different structures due to the incompatibility between the two blocks. 
The triblock copolymers showed a thermal behavior strongly dependent on their 
macromolecular architecture (ABC, ACB, ACD and ADC) and by their chemical 
composition, and the length of the third block. The thermal properties of triblock 
copolymers were summarized in Table 3.24 and DSC traces were depicted in the 
Figures 3.36 and 3.37. 
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  Table 3.24.  Themal properties of different triblock copolymers. 
Copolymer 
Tg,1
a)
 
(°C) 
Tg,2
b)
 
(°C) 
Tg,3
c)
 
(°C) 
Tcc
d)
 
(°C) 
Tf 
e)
 
(°C)
 
 
p(Sty-b-S-b-TE)b n.d. n.d. –66 – – 
p(Sty-b-S-b-TE)c n.d. n.d. –65 – – 
p(Sty-b-TE-b-S)b n.d. –61 –125 – – 
p(Sty-b-TE-b-S)c n.d. –60 –124 – – 
p(Sty-b-E-b-F)a n.d. –58 31 n.d. n.d. 
p(Sty-b-F-b-E)a n.d. –60 n.d. –24 6 
a) Glass transition temperature of the first block.  
b) Glass transition temperature of the second block.  
c) Glass transition temperature of the third block.  
d) Cold crystalization temperature of the E block.  
e) Fusion temperature of E block. 
In any case it was not possible to record the glass transition of the polystyrene block. 
This could be due to the low content of polystyrene block in the triblock copolymers. 
For the series of copolymers p(Sty-b-S-b-TE), it was possible to record only a glass 
transition temperature at about -65 °C (Δcp = 0.67 to 0.82 J/gK) attributed to TE block 
, whereas copolymers p(Sty-b-TE-b-S) showed two glass transitions around -125 ° C  
(Δcp ≈ 0.29 to 0.32 J/gK) and -60 °C (Δcp ≈ 0.1 J/gK) , attributed to S and TE blocks 
respectively ( Figure 3.8). Similarly, the copolymers p(Sty-b-E-b-F) showed two glass 
transitions, -58 °C attributed to E block and 30 °C attributed to F block. Finally, the 
p(Sty-b-F-b-E) clearly showed only the transitions typical of the third block E (Tg = -
60 °C, Δcp = 0.37 J/gK , Tcc = -24 °C, ΔHcc = 4.5 J/g, Tf = 6 °C, ΔHf = 46.6 J/g ). 
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Figure 3.36. DSC traces of  triblock copolymers p(Sty-b-S-b-TE)b and 
 p(Sty-b-TE-b-S)c 
  
Figure 3.37. DSC traces of triblock copolymers p(Sty-b-E-b-F)a and p(Sty-b-F-b-E)a 
From the above results it can be noticed that the triblock copolymers thermal behavior 
much more complex compared to diblocks, nevertheless, the prepared triblock 
copolymers were seemed to be microphase seperated due to different incompatible 
segments which depended on volume fraction and molar mass. 
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3.3.4.2 Thermogravimetric analysis (TGA) 
To evaluate the thermal stability of the copolymers, thermal gravimetric analysis 
(TGA) was performed under nitrogen atmosphere starting from room temperature up 
to 700 
o
C with a heating rate of 10 
o
C/min. All the polymers were found to be 
thermally stable (Tonset > 330 °C) and the Tmax was found to be around 370-420 °C. 
The weight loss was almost total around 500 
o
C. The values of Tonset, Tmax are 
summarized in the table 3.25 and TGA traces were depicted in the Figure 3.38.  
Table 3.25.  Thermogravimetric data of homopolymers, diblock and triblock 
copolymers 
Polymer Tonset
a)
 Tmax
b)
 Weight loss (%)
c)
 
MI3 373 418 99 
p(S) 392 407 99 
p(TE) 353 395 92 
p(E) 342 395   92 
p(F) 315 386 98 
p(Sty-b-S)d 379 421 90 
p(Sty-b-TE)d 348 387 95 
p(Sty-b-E)a 363 411 95 
p(Sty-b-F)a 341 396 97 
p(Sty-b-S-b-TE)b 334 374 94 
p(Sty-b-TE-b-S)c 385 396 99 
p(Sty-b-E-b-F)a 356 396 96 
p(Sty-b-F-b-E)a 352 389 97 
a) Initial degradation temperature.  
b) Temperature of the maximum weight loss rate. 
c) percentage of weight loss at 550°C. 
 
The introduction of E or T block seemed to decrease the thermal stability of 
copolymers (334 °C < Tonset < 385 °C, 374 °C < Tmax < 396 °C), whereas the 
introduction of S block seemed to stabilize the copolymer (334 °C < Tonset < 392 °C, 
374 °C < Tmax < 421 °C) signifying the greater thermal and chemical stability of 
siloxane polymers. All these findings confirmed a general thermal stability of the 
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polymers, which ensured that the thermal and thermo-mechanical treatments would 
not damage the polymer films to any considerable extent.  
 
 
Figure 3.38. TGA traces of di and triblock copolymers 
 
 
 
 
 
 
 
 
 
 
 
102 
 
3.3.5 Wetting behavior and surface energy of one-layer films 
3.3.5.1 Static contact angles 
The static contact angles θ were measured with water, hexadecane and diiodomethane 
on spin coated polymer films on glass support using 3 w/v % solutions in chloroform 
and the results are summarized in Table 3.26. 
 
Table 3.26.  Static contact angle values of the polymer films measured with water, 
hexadecane and diiodomethane 
Polymer 
θw
(a)
  
(°) 
θh
(b) 
 (°) 
θid
(c)
  
(°) 
MI3 98±1 ~ 0
(d) 
~ 0
(d)
 
p(S) 85±4 ~ 0
(d)
 62±7 
p(TE) 65±3 ~ 0
(d)
 41±7 
p(E) 63±1 ~ 0
(d)
 n.d. 
p(F) 111±1 73±4 n.d. 
p(Sty-b-S)d 99±3 ~ 0
(d)
 57±4 
p(Sty-b-TE)b 83±4 ~ 0
(d)
 54±3 
p(Sty-b-TE)d 83±2 ~ 0
(d)
 43±6 
p(Sty-b-S-b-TE)a 101±3 ~ 0
(d)
 64±3 
p(Sty-b-S-b-TE)b 80±2 ~ 0
(d)
 56±4 
p(Sty-b-TE-b-S)a 100±1 ~ 0
(d)
 64±4 
p(Sty-b-TE-b-S)c 101±3 ~ 0
(d)
 65±3 
p(Sty-b-E-b-F)a 112±2 70±3 95±4 
p(Sty-b-F-b-E)a 102±2 70±1 81±2 
a) Contact angle measured with water.  
b) Contact angle measured with n-hexadecane.  
c) Contact angle measured with diiodomethane.  
d) not stable. 
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In general the annealed samples were stable with water at least up to 120 seconds. On 
the other hand the films (not annealed) containing E and TE blocks were found be to 
be less stable with water and their θw decreased rapidly with the time (Figure 3.39). 
 
(a)                              (b)                                 (c)                           (d) 
Figure 3.39. Contact angles measured with water as a function of time on the non 
annealed polymeric films (a) p(TE), (b) p(Sty-b-TE),(c) p(Sty-b-TE-S)c,(d) p(Sty-b-E-
b-F)a. 
Water contact angles of the homopolymers p(E), p(TE), p(S) and p(F) were 63°, 65°, 
85° and 111° respectively (Table 3.25). This trend is due to the increase in the 
hydrophobic character of the polymer surface from the more hydrophilic polymer 
p(E) to the more hydrophobic p(F) polymer. Among these, only p(F) showed 
lipophobic (θh = 73°) character due to the perfluorinated side chains. 
The diblock copolymers p(Sty-b-TE) and p(Sty-b-S) were relatively hydrophobic (83° 
 θw  99°) and lipophilic (θh ~ 0). However the contact angles with diiodomethane 
were in between 43° and 57°. When we compare the contact angles of the diblock 
copolymers with those of homopolymers p(Sty) and p(S), it can be noticed that the 
surface of block copolymers was populated by both blocks, as the θw was similar to 
that of p(Sty) homopolymer and θid was similar to respective homopolymer block. 
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The triblock copolymers of the type p(Sty-b-TE-b-S) and p(Sty-b-S-b-TE) showed 
contact angles ~ 100° and ~ 64° with water and diiodomethane respectively and wet 
completely on hexadecane, p(Sty-b-S-b-TE)b. From this result, it could be understood 
that the surface is more populated by siloxane units attached to polystyrene of the S 
block, irrespective of the composition and architecture of the triblock. 
The triblock copolymers containing fluorinated chains have shown completely 
different wetting behavior than that of other triblock copolymers. In general, these 
were found to be simultaneously hydrophobic and lipophobic. This was due to the 
preferential segregation of the perfluorinated chains on to polymer-air interface 
irrespective of the different composition and architecture of the copolymers. 
The amphiphilic copolymers containing fluorinated side chains are expected to 
reorganize under external water environment due to the flipping of fluorinated side 
chains in to bulk and there by exposing the PEG on surface.
84,87-89,93
 To study this 
phenomenon, we have performed advanced and receding contact angles on the 
triblock copolymers containing perfluorianted side chains.  
Table 3.27.  Advancing and receding contact angle values of fluorinated amphiphilic 
copolymers 
Polymer 
θa 
a)
 
(°) 
θr 
b)
 
(°) 
 = θa- θr 
c)
 
(°) 
p(Sty-b-E-b-F)a 119±4 82±2 35 
p(Sty-b-F-b-E)a 117±2 96±2 23 
P(Sty-b-F-b-E)b 115±2 80±2 33 
a) Advancing angle. 
b) Receding angle.  
c) Hystersis. 
 
The hysteresis of advancing and receding water contact angles ( = θa- θr) in air 
indicates that the molecular reorganization occurs on a short time scale 
(corresponding to the rate of addition and retraction of the water drop) (Table 3.26).  
Generally, larger hystereses (θa - θr ≈ 60°) values are found with amphiphilic 
copolymers
92
 containing fluorinated side chains and is probably due to a combination 
of chemical heterogeneity and restructuring of the surface, with the latter being 
affected upon contact with water. From the table 3.27, the hysteresis values of the 
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triblock copolymers were found to be relatively low compared to the previous results 
obtained in the literature ( (θa- θr) = 45° - 60°).
92,141
 The results obtained indicate the 
relative stability of the copolymers at least for a short period time upon contact with 
water. 
3.3.5.2 Surface energy 
Two different polarity liquids water and diiodomethane were used to calculate the 
surface energies of the copolymers using OWK method. The resulting surface energy 
values are collected in Table 3.28. The triblock copolymers p(Sty-b-TE-b-S) showed 
surface energies (

 sv
OWK
 27 mN/m) less than that of homopolymer p(S) (

 sv
OWK
 32 
mN/m), suggesting that the microphase seperation of the triblock was effective, 
resulted in a better segregation of siloxane side chains at the polymer-air interface. 
Despite the low content of S block, a similar trend was observed in the case of p(Sty-
b-TE-b-S) copolymers. However, the surface energies values were higher (

 sv
OWK
 = 
36.4 mN/m), more similar to homopolymer p(S) (

 sv
OWK
 32 mN/m). In the case of 
triblock copolymers containing perfluorinated side chains, the surface energies were 
found be less (

 sv
OWK
 = 11.7 mN/m and 

 sv
OWK
 = 18.8 mN/m) but strongly depended on 
the F block content. 
In any case the predominant contribution towards surface energy 

 sv
OWK
  was by 
dispersive component (eg 

 sv
p
 = 0.6 mN/m and 

 sv
d
 = 26.3 mN/m for p(Sty-b-S-b-
TE)a) which was expected for the surfaces predominantly populated by siloxane or 
fluorinated chains due to the apolar interactions between the surface and various 
liquids used. 
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  Table 3.28.  Surface tension of polymer films.
(a)
 
Polymer film 
 

 sv
d
 
(mN/m)
 a) 

 sv
p
 
(mN/m)
 a)
 

 sv
OWK
 
(mN/m)
 a)
 
p(S) 27.4 4.5 31.9 
p(TE) 39.1 10.0 49.1 
p(F)
b) 11.5 1.1 12.6
(b)
 
p(Sty-b-S)d 30.3 0.5 30.8 
p(Sty-b-TE)b 32.0 4.1 36.1 
p(Sty-b-TE)d 38.1 2.8 40.9 
p(Sty-b-S-b-TE)a 26.3 0.6 26.9 
p(Sty-b-S-b-TE)b 30.9 5.5 36.4 
p(Sty-b-TE-b-S)a 26.3 0.7 27.0 
p(Sty-b-TE-b-S)c 25.7 0.7 26.4 
p(Sty-b-E-b-F)a 10.6 1.1 11.7 
p(Sty-b-F-b-E)a 17.0 1.8 18.8 
a) Surfae tension caluculated by OWK method: 

 sv
d
  is dispersive contribution, 

 sv
p
 is polar      
contribution, 

 sv
OWK
is sum of both 

 sv
d
 and 

 sv
p
 . 
b) Caluclated using water and hexadecane 
 
3.3.5.3 Contact angle and surface energy dependence on immersion time in 
water 
In order to find out a restructuring of the surface, the polymer films were immersed in 
water and the contact angles with water and diiodomethane were recorded at different 
immersion time intervals on some of the triblock copolymers and the results are 
reported in Table 3.29 and Table 3.30. 
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Table 3.29.  Water contact angles at different immersion times t 
 
Film 
θw 
(°) 
t = 0 t = 4 h t = 24 h t = 91 h t = 139 h 
p(Sty-b-S-b-TE)b 80±2 85±2 86±5 84±3 84±2 
p(Sty-b-TE-b-S)a 100±1 101±1 101±2 102±3 103±1 
p(Sty-b-F-b-E)a 102±2 103±5 102±5 100±3 96±1 
 
 
     Table 3.30.  Diiodomethane contact angles at different immersion times t 
 
Film 
θid 
(°) 
t = 0 t = 4 h t = 24 h t = 91 h t = 139 h 
p(Sty-b-S-b-TE)b 54±5 51±4 51±4 53±6 59±4 
p(Sty-b-TE-b-S)a 64±4 59±2 62±4 64±4 62±5 
p(Sty-b-F-b-E)a 81±2 77±5 74±3 71±6 68±5 
The changes in water contact angles of films of triblock copolymers p(Sty-b-S-b-
TE)b, p (Sty-b-TE-b-S)a and p(Sty-b-F-b-E)a as a function of immersion time, are 
depicted in Figure 3.40. 
 
(a)                                                          (b) 
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(c) 
Figure 3.40. Contact angle θw vs time of immersion in water for (a) p(Sty-b-S-b-TE)b, 
(b) p(Sty-b-TE-b-S)a and (c) p(Sty-b-F-b-E)a   
 
For the copolymer films of p(Sty-b-S-b-T)b and p(Sty-b-T-b-S)a, both water and 
diodomethane contact angle values remain essentially un affected after period of 139 
hours. Thus, the copolymer films were stable over the period of immersion time 
tested, despite their amphiphilic nature.  
By contrast for the fluorinated copolymers p(Sty-b-F-b-E), there was a decrease in 
water and diiodomethane contact angles over a period of time. This result support the 
hypothesis of a surface reorganization and agree with those already reported for 
fluorinated amphiphilic block copolymers.
87,88,93,96
 Enrichment of surface with 
oxyethylene side chains was more marked for the  polymers containing longer 
oxyethylene side chains (E) than shorter (TE).
84,141 
Owing to the limited variation of water and diodomethane contact angles, surface 
energy values for the wet films of triblock copolymers remained almost unchanged 
compared to dry films with the exception of small increase in case of fluorinated 
amphiphilic block copolymers (

 sv
OWK
 increased from 18.8 mN/m to 25 mN/m after 
139 hours of immersion time) (Table 3.31). Nevertheless, it was surprising that, these 
amphiphilic polymers were relatively stable in water over a considerable period of 
time, as for some of the copolymers reported in the literature, the amphiphilic nature 
was more marked and significant.
84,93,141
 However, in the latter case, the surface 
reorganization was basically due to the flipping of the PEGylated-fluoroalkyl side 
chains linked together in the same segment which made the surface more hydrophilic 
by exposing the oxyethylene segments to contact with water and hiding the 
hydrophobic fluorinated segments in the underlying layers.  
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 Table 3.31.  Surfae tension caluculated by OWK method at different immersion times 
 p(Sty-b-S-b-T)b 
 t = 0 t = 4 h t = 24 h   t = 91 h t = 139 h 

 sv
d
 
(mN/m) 
30.9 33.7 33.7 32.6 29.2 

 sv
p
 
(mN/m) 
5.5 3.0 2.7 3.6 4.4 

 sv
OWK
 
(mN/m) 
36.4 36.7 36.4 36.2 33.6 
 p(Sty-b-T-b-S)a 
 t = 0 t = 4 h t = 24 h t = 91 h t = 139 h 

 sv
d
 
(mN/m) 
26.3 29.2 27.4 26.3 27.4 

 sv
p
 
(mN/m) 
0.7 0.4 0.5 0.5 0.3 

 sv
OWK
 
(mN/m) 
27.0 29.6 27.9 26.8 27.7 
 p(Sty-b-F-b-E)a 
 t = 0 t = 4 h t = 24 h t = 91 h t = 139 h 

 sv
d
 
(mN/m) 
17.0 19.1 20.7 22.3 24.0 

 sv
p
 
(mN/m) 
1.8 1.2 1.1 1.3 1.1 

 sv
OWK
 
(mN/m) 
18.8 20.3 21.8 23.6 25.1 
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In the present work, PEGylated and fluoroalkyl side chains were individually located 
in different blocks and were probably characterized by a structure in which 
fluoroalkyl side chains orderly packed at the surface while the PEGylated chains were 
buried in the bulk. Such structure implies that the migration of PEGylated chains to 
surface is more difficult when the surface is in contact in water, thereby minimizing 
the surface reorganization. This explanation could be valid at least for the tested 
period of immersion time 129 hours. 
3.3.6 Atomic Force Microscopy 
The use of the phase separation behavior of fluorinated/siloxane (co)polymers is well-
suited to generate ordered, self-assembled, low surface energy materials
203-205
. 3 w/v 
% of polymer toluene solutions were spin coated and the films were annealed at 120 
o
C. We used AFM to investigate the morphological features of the diblock and 
triblock copolymers. In any case, the coatings presented low surface roughness values 
on the (sub)micrometer scale. The AFM phase images of triblock and diblock 
copolymers were depicted in the Figures 3.41 and 3.42. 
The triblock copolymers of the type p(Sty-b-S-b-TE)c showed the presence of a 
smooth and uniform surface. In all other cases, there was an evidence of the formation 
of complex and well-defined morphological structures of spherical nanodomains (5 to 
35 nm) resulting from the thermodynamically induced phase seperation of the 
different components of the film, because of mutual chemical incompatibility. 
Because of the complexity of the triblock copolymer systems along with the limits of 
AFM technique, it was not possible to identify clearly and unambiguously the nature 
of morphology in detail. However, TE and E blocks seem to be dispersed in the low 
energy blocks S and F. From the data (Table 3.32), it can be observed that the 
morphology was independent of chemical composition of copolymer but size of nano 
domains depended on chemical composition p(Sty-b-F-b-E), p(Sty-b-E-b-F). 
Moreover the morphology of the triblock copolymers changed from corresponding 
diblock copolymers, indicating the importance of the architecture which plays a role 
in determining the surface structure of the polymer films. 
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Table 3.32. Morphological parameters of di and triblock copolymers 
 
Film 
 
Weight percentage 
(%)
 
d  
(nm) 
1° block 2° block 3° block  
p(Sty-b-S-b-TE)b 2 41 57 ~1520 
p(Sty-b-TE-b-S)c 1 9 90 n.d
.a) 
p(Sty-b-F-b-E)a 2 8 90 ~30 
p(Sty-b-E-b-F)a 15 30 55 812 
p(Sty-b-S)d 5 95 - n.d
.a) 
p(Sty-b-TE)d 12 88 - 3035 
p(Sty-b-F)a 22 78 - 57 
a) Homogenous and smooth surface. 
 
 
 
 (a) (b) 
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 (c) (d) 
Figure 3.41. AFM phase images of triblock copolymers (a) p(Sty-b-TE-b-S)c, (b) 
p(Sty-b-S-b-TE)b, (c) p(Sty-b-E-b-F)a and (d) p(Sty-b-F-b-E)a 
 
 (a) (b) 
 
(c) 
Figure 3.42. AFM phase images of triblock copolymers (a) p(Sty-b-S)d, (b) p(Sty-b-
TE)d, and (c) p(Sty-b-F)a  
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3.3.7 X-ray electron spectroscopy (XPS) 
More quantitative analysis was performed by X-ray photoelectron spectroscopy 
(XPS) measurements on thin films of the triblock copolymers. Spectra were recorded 
at different photoemission angles  ; the angles between the surface normal and the 
paths taken by the electrons toward the detector 70°, and 20°, corresponding to 
increasing sampling depths in the range of 2-7 nm. For polymer films p(Sty-b-S-b-
TE)b and p(Sty-b-TE-b-S)c, the survey spectra showed the signals due to the elements 
constituting the repeating units: Si (2p) at ~ 102 eV , Si (2s) at ~ 153 eV , C (1s) at ~ 
290 eV and O (1s) at ~ 533 eV. 
For polymer films p(Sty-b-F-b-E)a, the survey spectra (Figure 3.43) showed typical 
signals of the blocks S , F and E : C(1s) at ~ 290 eV, O (1s) at ~ 533 eV and F (1s) at 
~ 689 eV and a last peak F (2s) at ~ 40 eV respectively. The transitions at higher 
energy (E > 800 eV ) were due to Auger electrons (FKLL  850 eV, OKLL  980 eV e 
CKLL 1240 eV). These transitions are more difficult to interpret due the worse 
resolution and were not analyzed further. 
 
 
                               Figure 3.43. Survey XPS spectra of p(Sty-b-F-b-E)a 
 
In particular, the signal C (1s) about 290 eV resulted structured in various components 
due to the presence of C atoms chemically different from each other (Figures 3.44 and 
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3.45). They revealed a complex shape, due to the presence of at least three 
overlapping contributions. 
 
Figure 3.44.  Deconvolution of the C (1s) signal for p(Sty-b-S-b-TE)b 
 
 
Figure 3.45.  Deconvolution of the C (1s) signal for p(Sty-b-F-b-E) 
The deconvolution of this peak for the copolymers p(Sty-b-S-b-TE)b and p(Sty-b-F-b-
E)a resulted in a three and five contributions respectively which allowed us to 
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highlight the percentage composition of the groupings of different chemical nature 
(Table 3.33). 
 
Table 3.33 . Assignment of the deconvoluted peaks of the C (1s) region for triblock  
copolymers 
  
  
  
  
  
  
  
  
  
  
  
p
(S
ty
-b
-S
-b
-T
E
)b
 
Energy (eV) Chemical group stoichiometric %
 (a) 
Experimental 
%
  
285.0 SiCH3, SiCH2, CH, CH2, 
CH= 
51 77.2 
286.8 Cquat, CH2O 48 17.1 
288.2 C=O 1 5.7 
  
  
  
  
  
  
  
  
  
  
  
p
(S
ty
-b
-F
-b
-E
)a
 
    Energy (eV) Chemical group stoichiometric %
 (a)
 Experimental 
% 
285.0 CH, CH2, CH=
 
21 27.2 
286.6 Cquat, CH2CF2, CH2O 77 42.9 
288.7 CH2CF2 0.3 4.9 
292.1 CF2 1.4 22.0 
294.5 CF3 0.3 3.0 
a) Stiochiometric percentages calculated based on molar composition of the triblock 
copolymer 
 
The elemental analysis data at the different angles   are summarized in Table 3.34 
and compared with the corresponding values calculated from the known 
stoichiometric ratios of the block components. The results on the atomic composition 
as a function of   were confirmed by closer inspection of the C(1s) peak of the 
triblock copolymers p(Sty-b-S-b-TE)b, p(Sty-b-TE-b-S)c. For the copolymer dry film 
p(Sty-b-S-b-TE)b, which has 65 % of block S, it was not possible to observe any large 
changes in the C, O, Si atomic percentages with increasing sample depth and the 
experimental composition was similar to that of stoichiometric composition. 
Moreover, the atomic percentage of copolymer compared with that of homopolymer 
p(S) (C = 62 % , O = 20 % and Si = 18%) shows that the copolymer surface was 
substantially populated by block S. For the copolymer p(Sty-b-S-b-TE)b, the atomic 
percentage of the Si was greater than stoichiometric composition and there was a 
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slight  decrease in Si atomic percentage with increasing sample depth (%Si = 9.6 at   
= 70° and  %Si = 5.0   = 20°) and C atomic percentage increased from 65.3 to 70.1 
from   = 70° to   = 20°. This suggest that S block preferentially segregated at the 
surface even when the S block (15 mol %) content was low. This was also evident 
from the contribution of different functional groups i.e the SiCH3 was much greater 
(77.2 %) compared to stiochiometric contribution (51%). Similarly the carbonyl 
carbon 5.7 % of the S block was higher compared to stiochiometric (1 %), while at 
286.8 eV, the oxyethylene carbon contribution was far lower (17.1 %). 
 
Table 3.34.  XPS atomic comparison of ‘dry’ and ‘wet’ triblock copolymer films 
 
Polymer film 
a)  “dry” “wet” 
  C O Si F C O Si F 
  % % % % % % % % 
 
p(Sty-b-S-b-TE)b 
 Stoichio.
b)
 73 21 6      
70°  65.3 25.1 9.6  66.8 24.3 8.9  
 20°  70.1 24.9 5.0  70.8 24.1 5.1  
 
p(Sty-b-TE-b-S)c 
 Stoichio.
b) 
64 20 16      
70°  58.1 26.1 15.8  59.9 27.5 12.6  
20°  61.6 25.7 12.7  60.1 25.9 14.0  
 
p(Sty-b-F-b-E)a 
 Stoichio.
b)
 71    24 - 5     
70°  49.7 6.1  44.2 51.8 7.7  40.5 
20°  55.0 11.0  34.0 57.3 12.8  29.9 
a) Emission angle.  
b) Stoichiometric atomic percentages of the elements calculated based on molar composition of    
the triblock copolymer. 
 
The self-segregation phenomenon was more marked in the case of polymers 
containing perfluorinated side chains. In fact the for the copolymer p(Sty-b-F-b-E)a, 
the F content was significantly higher (44.2% at   = 70° ) compared to stiochiometric 
composition (3 %) and decreased with increasing of sample depth (44.2% at   = 70° 
to 34.0% at   = 20°) despite the lower content of the F block. 
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An angle-dependent XPS analysis was also carried out on the samples after 
immersion in water for 7 days (wet samples), with the aim of ascertaining whether the 
surface of the coatings could undergo surface reconstruction. 
The non-fluorinated samples (wet) had more or less similar chemical composition to 
the corresponding dry film. Despite their amphiphilic nature, they did not undergo 
surface reconstruction upon contact with water. For the copolymer p(Sty-b-F-b-E) wet 
sample, there was a change in chemical composition compared to dry sample. 
Although, there was decrease in fluorine atomic percentage, the reconstruction 
phenomenon was less marked unlike in the case of fluorinated amphiphilic 
copolymers previously investigated.
84,87,88,93 
This was quite unexpected but 
nevertheless support the results obtained from water immersion contact angle studies. 
Such phenomenon of minimal surface reconstruction or no surface reconstruction 
would arise from close packed array of perfluorinated side chains or PDMS side 
chains on the surface. 
 
3.4 COATINGS  
Coatings for biological assays were prepared on microscopic glass slides using two-
layer strategy with either SEBS or PDMS used as the bottom layer and the blend of 
triblock copolymer with either SEBS or PDMS as top layer. 
3.4.1 SEBS-based blend coatings 
Samples were prepared by casting a toluene solution of SEBS (56 wt %) and SEBS-
MA (44 wt %) on a (3-glycidoxypropyl)-trimethoxy silane (GPS) functionalized glass 
slide. The bottom layer formed was around 150-250 µm thickness and on top of that 
blend solution of triblock copolymers (p(Sty-b-F-b-S)a, p(Sty-b-F-b-S)b, p(Sty-b-F-b-
E)a, p(Sty-b-F-b-E)b with 93 % of SEBS matrix was spray coated. The formed two-
layer coatings were named as UP for wetting experiments and biological assays and 
the weight composition of the top layer of the coatings is listed in the Table 3.35. 
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Table 3.35. Weight composition of the top layer of UP SEBS based coatings 
Coating Top layer 
UP31 7 wt % of p(Sty-b-F-b-S)a 
UP32 7 wt % of p(Sty-b-F-b-S)b 
UP33 7 wt % of p(Sty-b-F-b-E)a 
UP34 7 wt % of p(Sty-b-F-b-E)b 
 
3.4.2 PDMS-based blend coatings 
The triblock copolymers were dissolved in chloroform together with the bis(silanol)-
terminated PDMS and the ES40 cross-linker, in the presence of Bismuth 
neodecanoate as a catalyst. The blend solution was spray coated on preformed low 
elastic modulus PDMS bottom layer on glass slides and cured at room temperature 
and vacuum dried at 120 
o
C. The formed two-layer coatings were named as UP for 
wetting experiments and biological assays and the weight composition of the top layer 
of the coatings is listed in the table 3.36. 
 
Table 3.36. Weight composition of the top layer of UP PDMS based coatings 
Coating Top layer 
UP35 3 wt % of  p(Sty-b-F-b-S)a  
UP36 7 wt % of  p(Sty-b-F-b-S)a  
UP37 3 wt % of  p(Sty-b-F-b-S)b  
UP38 7 wt % of p(Sty-b-F-b-S)b   
 
3.4.3 Contact angles and surface energy of SEBS blend coatings  
Water and hexadecane were used as wetting liquids and static contact angle 
measurements were performed on blend coatings. The results are presented in the 
following table 3.37. 
All the SEBS blend coatings were found to be hydrophobic (θw > 106
o
) and also 
lipophobic (θh > 55
o
). This suggests that all the coatings showed higher hydrophobic 
character than the control SEBS and the contact angles obtained using n-hexadecane 
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as interrogating liquid clearly indicated that coating surfaces were preferably covered 
by the fluorinated units while SEBS was segregated in the inner layers of the coatings. 
As a consequence of simultaneous hydrophobicity and lipophobicity, surface energies 
calculated according to OWK method were very low, being comprised between 13.2 
mN/m and 19.5 mN/m. 
Table 3.37. Contact angles of SEBS blend coatings with water and hexadecane 
Coating θw (°)
a) θh (°)
b) 

 sv
d
(mN/m) 

 sv
p
 
(mN/m) 

 sv
OWK
 
(mN/m)
c) 
UP 31 113 ± 1 60 ± 3 15.5 0.3 15.8 
UP 32 109 ± 1 48 ± 2 19.2 0.3 19.5 
UP 33 112 ± 2       70± 3  12.4 0.8 13.2 
UP 34 106 ± 2 65 ± 1 14.0 1.6 15.6 
SEBS 
control 
102 ± 3 28 ± 3 24.5 0.6 25.1 
a) Contact angle measured with water. 
b) Contact angle measured with hexadecane. 
c) Calculated with OWK method: 

 sv
d
  is dispersive contribution, 

 sv
p
 is polar contribution, 

 sv
OWK
is sum of both 

 sv
d
 and

 sv
p
. 
 
3.4.4 Contact angles and surface energy of PDMS blend coatings  
All the investigated PDMS blend coatings showed water contact angles larger than 
112
o
, which were independent on the weight composition of the block copolymer in 
PDMS matrix. The higher contact angles of the blend coatings compared to PDMS 
control indicating the better segregation of copolymer to the surface (Table 3.38). On 
the other hand, blend coatings showed diiodomethane contact angles larger than 72
o
. 
Although blend coatings shown, higher hydrophobicity, due to the PDMS matrix and 
the PDMS side chains contribution on the surface, the 

 sv
p
 is polar contribution being 
so minimal indicating the substantial role of the PDMS role on the surface. 
Nevertheless, the surface energies calculated according to OWK method were 
generally low, being comprised between 11.93 mN/m and 22.16 mN/m. 
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Table 3.38. Contact angles of PDMS blend coatings with water hexadecane and 
diiodomethane 
Coating θw (°)
a) θid (°)
b) 

 sv
d
(mN/m) 

 sv
p
 
(mN/m) 

 sv
OWK
 
(mN/m)
c) 
UP 35 112 ± 1 72 ± 1 22.11 0.05 22.16 
UP 36 122  ± 2 94 ± 3 10.93 0.10 11.93 
UP 37 123  ± 1 82 ± 1 17.77 0.11 17.88 
UP 38 122  ± 3 79 ± 2 19.49 0.15 19.64 
a) Contact angle measured with water. 
b) Contact angle measured with diiodomethane. 
c) Calculated with OWK method : 

 sv
d
  is dispersive contribution, 

 sv
p
 is polar contribution, 

 sv
OWK
is sum of both 

 sv
d
 and 

 sv
p
. 
 
3.4.5 Bioassays  
The SEBS and PDMS coatings were subjected to laboratory bioassays in different 
experiments to explore their intrinsic ability to resist the settlement and reduce the 
adhesion strength of two marine algae, viz., the macroalga (seaweed) Ulva linza and 
the unicellular diatom Navicula perminuta. 
3.4.5.1 Assays with marine alga Ulva linza: SEBS blend coatings 
The density of Ulva zoospores attached after 45 min settlement period, depicted in the 
Figure 3.46. The density of attached spores on UP33 and UP34 and control SEBS was 
similar (ANOVA, tukey test p>0.05) and had high density of spores, where as UP31 
and UP32 had a lower number of settled spores with UP31 showing the lowest 
settlement (ANOVA, tukey test p<0.05).  
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Figure 3.46. Mean number of Ulva linza spores/mm
2
 attached to SEBS-based 
coatings and control after 45 min settlement. Each value is the mean from 90 counts 
on three replicates. Error bars show 95 % confidence limits. 
 
Spores have been shown previously to settle (attach) in high numbers to hydrophobic 
surfaces, including fluorinated surfaces.
84,141,206
 However, in this experiment UP31, 
UP32 which are fluorinated surfaces had low density of spores. 
Sporelings (young plants) grew well on all surfaces, and after 7 days, a green lawn 
covered the surface of all samples. The percentage release of biomass after exposure 
to a wall shear stress of 25 Pa in a flow channel
19
 (Figure 3.47) shows that there was 
no significant biomass was removed from all the experimental coatings and control 
SEBS. SEBS blend coatings containing fluorinated amphiphilic copolymers, grafted 
PDMS side chains on SEBS were found to show good fouling release of Ulva linza. 
87,93 
From the contact angle and XPS results data of pure polymers, it was found that 
the fluorinated amphiphilic polymers were found to be stable under water for a week 
and did not undergo significant reconstruction to present PEG side chains on the 
surface. At this time, it could be speculated that the poor performance of our coatings 
in this assay would have resulted from the greater stability of the tested polymers 
under water, although, it would have been better to compare and correlate the blend 
coatings surface reconstruction phenomenon to the performance of the coatings. 
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Figure 3.47. Percentage removal of sporelings of U. linza from SEBS-based coatings 
and their respective controls after exposure to a wall shear stress of 25 Pa for 5 min. 
Each value represents the mean removal of biomass on six replicates. Error bars 
represent 95% confidence limits and were calculated from arcsine-transformed data. 
 
3.4.5.2 Assays with marine alga Ulva linza: PDMS blend coatings 
The density of Ulva zoospores attached after a 45 min settlement period, depicted in 
the figure 3.48. The density of attached spores was lower and broadly similar on all 
the coatings PDMS, UP37 and UP38 (ANOVA, tukey test p>0.05) except UP35 
which had higher density of attached spores. 
 
 
Figure 3.48. Mean number of Ulva linza spores/mm
2
 attached to SEBS-based 
coatings and control after 45 min settlement. Each value is the mean from 90 counts 
on three replicates. Error bars show 95 % confidence limits. 
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Sporelings (young plants) grew well on all surfaces and after 7 days a green lawn 
covered on all the coatings. The percentage release of biomass after exposure to a 
wall shear stress of 25 Pa in a flow channel (Figure 3.48) shows significantly biomass 
removed from all surfaces. Surprisingly from the control PDMS, there was almost 75 
% removal of biomass of spore lings which was unexpected to the previous reported 
data (only 30 % removal of biomass from the PDMS control) from our group.
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Owing to this, all the experimental coatings looked similar to the performance of 
PDMS control or even less. Nevertheless, there is trend of the increasing in sporelings 
removal from UP35 to UP38. 
 
 
Figure 3.49. Percentage removal of sporelings of U. linza from PDMS-based 
coatings and their respective controls after exposure to a wall shear stress of 25 Pa 
for 5 min. Each value represents the mean removal of biomass on six replicates. Error 
bars represent 95% confidence limits and were calculated from arcsine-transformed 
data. 
 
3.4.5.3 Assays with Navicula diatom: SEBS blend coatings 
Navicula cells prone to effect and adhere less on glass.
141
 So, in the present assay 
glass also used as a control along with SEBS control. All the coatings were leached 
for 9 days. Settlement was for 2 hours using 10ml of Navicula culture. From the 
figure 3.50, it can be noticed that the highest mean of settled spores was obtaind with 
SEBS, UP31, UP32 and these coatings are simillar to each other (ANOVA, Tukey test 
P>0.05) but significantly different to Nexterion, UP33 and Up34 (P<.05). The lowest 
mean settled spores was obtained to Nexterion, UP33 and UP34 which are not 
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different to each other. (anova, tukey test p>.05). Although there was not much 
improvement of AF performance after the addition of copolymer to SEBS elastomer, 
it could be noticed that coatings containing fluorinated/PEG amphiphilic copolymers 
(UP33 and UP34) had low settlement of cells of Navicula. 
 
Figure 3.50. The density of diatom cells after 2 hours settlement. Each point is the 
mean from 90 counts (30 on each of 3 replicate slides). Bars show 95% confidence 
limits. 
 
The adhesion strength of attached Navicula cells was determined by assessing the 
proportion of cells removed after exposure to a wall shear stress of 50 Pa and the 
removal data depicted in the figure 3.51. 
 
Figure 3.51. Percentage removal of Navicula cells after shear stress of 50 pa. Bar 
show 95% confidence limits. 
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From the removal data, it can be understood that the weakest adhesion strength of 
cells of navicula was obtained on UP31 and UP32 and nexter ion, which were 
significantly similar to each other (p>.05). The strongest adhesion strength was 
obatined on SEBS, UP33 and UP34 with no removal for UP34. It was surprising to 
note that, the coatings UP31 and UP32, although, were hydrophobic coatings p(Sty-b-
F-b-S)a, p(Sty-b-F-b-S)b), the removal was higher compared to UP33 and UP34 
p(Sty-b-F-b-E)a and p(Sty-b-F-b-E)b (amphiphilic coatings containing, 
perfluorianted, hydrophilic PEG blocks). This result was quite unexpected and we 
were not able to justify the reason behind why hydrophobic coatings shown promising 
results. Nonetheless, there could be a speculation that, if there was a bacterial biofilm 
formation on the coatings, which would have influenced the release of diatoms. On 
the other hand, poor performance of amphiphilic coatings containing hydrophilic PEG 
blocks can be explained by the stability of the polymers under water. 
3.4.5.4 Assays with Navicula diatom: PDMS blend coatings 
All the coatings were leached for 9 days. Settlement was for 2 hours using 10ml of 
Navicula culture. The settlement assay data presented in figure 3.52. There is no 
consistent pattern on the settlement of diatoms on the blend coatings of polymers each 
with 2 different loadings. As expected the lowest settlement was observed for glass.  
 
Figure 3.52. The density of diatom cells after 2 hours settlement. Each point is the 
mean from 90 counts (30 on each of 3 replicate slides). Bars show 95% confidence 
limits. 
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The highest mean of settled spores was obtained with UP37 which was significantly 
different from all the other coatings (P<0.05). PDMS, UP35 and UP38 were 
significantly similar between each other (p>0.05) but different to other coatings 
(nexterion glass, UP36 and UP37).  
The adhesion strength of attached NaVicula cells was determined by assessing the 
proportion of cells removed after exposure to a wall shear stress of 50 Pa (Figure 
3.53). 
 
Figure 3.53. Percentage removal of Navicula cells after shear stress of 50 pa. Bar 
show 95% confidence limits. 
As expected from nexterion glass, 90 % removal of diatom cells was observed. All 
other coatings were found to be siginificantly different (p<.05) from each other except 
UP35 and UP38 which were similar (p>.05) with the weakest adhesion strength of 
cells. Although coatings have shown good removal of diatoms, there was no 
consistent pattern of release diatoms on the blend coatings of polymers each with 2 
different loadings. It is also quite surprising result as the blend coatings contain only 
hydrophobic blocks with no PEG. 
The limited surface analyses data available on blend coatings did not allow us to 
explicitly justify the biological results obtained for the block copolymers and it is 
suggested that, it needs more biological assay experiments on the tested surfaces, 
along with extensive surface analysis. 
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CHAPTER 4: CONCLUDING REMARKS 
 
Biofouling is the outcome of the great diversity of foulants and it is important to use 
protective coatings that are versatile under different conditions to combat it. 
Developing coating a prevents or limits biofouling in the aquatic environment but 
does not pose a risk to the environment or the human health is very challenging. The 
critical biointerfacial processes resulting in fouling are nanoscale/microscale in 
dimension: it follows therefore, that surface properties to control biofouling need to 
be on the same length scales. This demands us for an innovation and a comprehensive 
strategy is needed to develop non-toxic, environmental benign antifouling/fouling 
release coatings by collaborating efforts of synthetic chemists, material scientists, 
surface engineers, physicists and marine and fresh water biologists. 
Most current and innovative approaches include use of hydbrid polymer 
nanocomposites, bioinspired engineered topographies, lithographically patterned 
monolayers, plasma modified polymeric surfaces and chemical vapour deposition of 
metal surfaces. All such technologies share the concept to exploit the interactions 
intervening between the fouling organisms and the specific surface features at nano-
scale. Thermodynamically driven phase segregation of polymer assemblies with 
varied architectures can create the surface heterogeneity at nanoscale level, may be an 
additional tool to nanostructure a coating in such a way to comply with the nanosized 
cues of the fouling organisms, thereby effecting an antifouling activity or favouring 
removal of those that do adhere. 
In keeping this rationale, we designed and engineered novel coatings with potential 
antifouling/fouling release properties based on amphiphilic fluorinated/siloxane 
copolymers capable to self-assemble in segregated nanostructures. Polymers 
incorporating relatively long perfluorinated side chains are known to segregate at the 
surface in order to minimize the surface energy. 
The polymer systems of choice were random copolymers derived from styrene 
monomers containing siloxane, fluoroalkyl and ethoxylated  side chains, diblock 
copolymers derived from styrene and styrene monomers containing siloxane, 
fluoroalkyl and ethoxylated  side chains, and triblock copolymers derived from 
styrene and styrene monomers containing siloxane, fluoroalkyl and ethoxylated  side 
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chains in view of the anticipated multiple (nano)structuring effects operating in such 
type of materials. 
It was possible to synthesize different sets of random copolymers and terpolymers by 
AIBN free-radical polymerization. By taking advantage of the controlled process of 
the Nitroxide mediated polymerization, any given polystyrene macroinitiator was 
employed to generate families of diblock and triblock copolymers using different 
monomers in sequential polymerization. The composition of the polymers was 
tailored to tune the amphiphilicity of each system by combination of the hydrophobic 
poly(dimethyl siloxane), hydrophilic poly(ethylene glycol), tetraethylene glycol and 
hydrophobic/lipophobic perfluoroalkyl stryrenic constituents. The precise tuning of 
the molar mass and content of the latter block in the diblock copolymer was 
manageable but poor control over the third block in triblock copolymers was 
attributed  to different factors such as high monomer to diblock macroinitiator ratio, 
difficulty of the second block to initiate the polymerization due to the presence of 
dead end polymer chains or the high molecular weight of diblocks which would limit 
the mobility of the polymer chains and thus the reactivity in solution. Nevertheless, 
we were able to prepare well diversified polymers with different macromolecular 
architectures. This in turn given the chance to systematically investigate structure-
property relations. 
We emphasize that introduction of the PDMS side chains to styrene backbone gives 
the opportunity to produce coatings from the same copolymers but dispersed in or 
deposited on two different commercial elastomers, viz. PDMS and SEBS. 
Introduction of fluoroalkyl, PEG, oligo ethylene glycol side groups to styrene 
provided different combinations of amphiphlic character to the copolymer systems 
prepared. The different capabilities of the side groups to interact with surrounding 
medium resulted in a responsive character of a material, which was termed as 
ambiguous nature of the surface of the films derived therefrom. 
The wetting behavior with different interrogating liquids and, most significant with 
water proved to depend on the treatment of the history of the film such as in dry state 
and immersion time under static conditions under water. Nevertheless, in dry state, 
random copolymer and terpolymer films containing PDMS and PEG side chains 
exhibited moderate surface energies and films containing fluorinated side groups 
exhibited distinct low surface energy properties, as identified by their surface tension 
values, owing to the preferential segregation of fluorinated units. After exposing the 
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films to water, they exhibited unusual behavior of fluctuating contact angle values, 
nevertheless, after a week immersion, films underwent significant reconstruction and 
exhibited higher surface energy values. 
On the other hand, films of triblock copolymers containing PDMS and tetra ethylene 
glycol side groups, in dry state exhibited high surface energy values and upon 
immersion in water, there was no significant reconstruction and the surface energies 
remain unaltered. The films of triblock copolymers containing perfluoro alkyl side 
chains exhibited low surface energy values owing the surface segregation of perfluoro 
alkyl side chains and upon immersion in water, there was a little increase in the 
surface energy but not as expected as to amphiphilic polymers containing perfluro 
alkyl side chains. This was attributed due to the stability of the film surface driven by 
ordered side groups at the surface. 
According to XPS findings the perfluorinated side chains migrated at the surface, 
which afterwards underwent a marked reconstruction upon contact with water in the 
case of films of random copolymers and terpolymers containing perfluoro alkyl side 
chains. It was proved that, the surface films of triblock copolymers was dominated by 
perfluoro alkyl side chains and PDMS side chains owing to the segregation of side 
groups but the films remain stable upon contact with water and there was little or no 
reconstruction of the surface.  
The AFM analysis revealed that the films of random copolymers and terpolymers 
were smooth and they exhibited the morphologies of spherical nanodomains and 
increase in polystyrene phase in a blend was attributed due to the preferential 
segregation of copolymer in the matrix. The films of diblock and triblock copolymers 
showed morphological structures of spherical nano domains, although it was not 
possible to identify the specifics due to complexity of triblock copolymer 
morphologies. This proved that block copolymers microphase separated. 
In order to produce test coatings for biological assays of the antifouling/fouling 
release performances, we devised a preferred approach by depositing films in tow-
layer geometry. While the top layer contained the copolymer blended with either 
PDMS or SEBS matices, the bottom layer consisted of either PDMS or SEBS/SEBS-
MA mixture. This method allowed us not only to produce robust coatings with good 
adhesion to the glass substrate without delamination, but also to combine both the low 
surface energy and the low elastic modulus properties of the individual polymeric 
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components. Mechanical stress- strain findings confirmed that the elastomeric 
character was preserved by incorporation of small amount of amphiphilic copolymers. 
The biofouling phenomenon is very complex and development of novel materials to 
combat it, need an extensive testing under lab-scale and field-trail conditions. 
Nevertheless, for the evaluation of the potential of the copolymers and their test 
coatings as antifouling/fouling release coatings we used two different organisms, 
different in fouling behavior, including their chemistry and biology of settlement and 
growth. 
The results of biological assays were promising, at the same time disappointing. 
While the random copolymers, of PDMS based amphiphlilic coatings had inhibited 
the settlement of marine alga U. linza and released the sporelings of U. linza 
effectively, where as SEBS based coatings shown negative results. It is suggested that 
the superior biological properties of PDMS-based coatings depended on the 
synergistic effect of the low elastic modulus of the matrix combined with the 
chemical composition of the surface. Inferior performances are recognized for the 
other tested organism Navicula diatom. By considering that even relatively light 
fouling by diatom ‘slimes’ can generate a 10–16% powering penalty and thus these 
coatings will not be appropriate and  may be needed a subtle change in the 
compositions of  PEG inorder to increase the efficacy of the resulted coating against 
Navicula diatom. Indeed a universal coating is too ambitious to think of, novel 
materials can achieve specific goals against one or more heavily fouled organisms 
will save the cost of shipping industries. 
The performance of the block copolymers was worst and disappointing and we were 
not able to justify these inferior biological performances due to the lack of the time of 
project and as it needed more biological trails and surface analysis to crosscheck the 
negative results obtained.  
Although it was possible to prepare diblock and triblock copolymers successfully, the 
obtained materials were less controlled with very high molecular weights, hence, it is 
suggested that, RAFT polymerization can be used to prepare well-defined block 
copolymers to further carryout this work. 
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CHAPTER 5: EXPERIMENTAL 
 
5.1 MATERIALS 
Tetrahydrofuran was refluxed over Na/K alloy and distilled at atmospheric pressure 
under nitrogen. 
Anisole and diglyme (diethylene glycol dimethyl ether) were boiled at 100 
o
C over 
sodium for 4-5 hours and then distilled under reduced pressure. 
Azobis(isobutyronitrile) AIBN and Benzoyl peroxide were recrystallized from 
methanol. 
Styrene was washed with 5% NaOH and water and dried and distilled under reduced 
pressure. 
Dichloromethane was refluxed over CaH2 for 4 h and distilled under nitrogen. 
4-Chloromethylstyrene, poly(ethyleneglycol monomethyl ether) (Mn = 550 g/mol), 
Tetraethyleneglycol monomethyl ether, 4-vinylbenzoic acid, perfluorohexylethanol, 
Tetrabutylammonium hydrogensulfate (TBAHS), bismuth neodecanoate, N,N’-
dicyclohexylcarbodiimide (DCC), dimethyl aminopyridine (DMAP), 2,2,6,6-
tetramethylpiperidin-1-yl)oxidanyl (TEMPO), Diiodomethane, 60 % Sodium hydride 
(NaH), 2-fluoro-1-methylpyridinium p-toulenesulfonate (FMPTS)  and 
trifluorotoluene (TFT), Ethyl acetate (from Aldrich) were used as received. 
Monocarbinol-terminated poly(dimethyl siloxane) (PDMS-OH) (Mn = 1000 g/mol), 
bis(silanol)-terminated poly(dimethyl siloxane) (HO-PDMS-OH) (Mn = 26,000 
g/mol), poly(diethoxy siloxane) (ES40), (3-glycidoxypropyl)trimethoxysilane (GPS) 
(from ABCR) were used as received.  
Poly(styrene-b-(ethylene-co-butylene)-b-styrene) (SEBS) triblock thermoplastic 
elastomer (Kraton G1657M, 13 wt% of polystyrene) and SEBS grafted with 1.4–2.0 
wt % maleic anhydride (SEBS-MA, Kraton FG1901X, 13 wt% polystyrene) were 
kindly provided by Kraton Polymers.  
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5.2 HOMOPOLYMERS, RANDOM COPOLYMERS AND TERPOLYMERS  
5.2.1 Synthesis of monomers 
5.2.1.1 Synthesis of the monomer poly(dimethylsiloxane) 4-vinylbenzoate (S) 
 
1.21 g (8.17 mmol) of 4-vinylbenzoic acid and 0.12 g (0.96 mmol) of DMAP were 
dissolved in 30 mL of anhydrous dichloromethane and introduced into a three necked 
round bottom flask under nitrogen atmosphere. The mixture was cooled to 0 
o
C and a 
solution of 2.01 g (9.75 mmol) of DCC in 30 mL of anhydrous dichloromethane was 
slowly added. The reaction mixture was kept under stirring for 15 min at 0 
o
C and for 
1 h at room temperature. Then, a solution of 6.50 g (6.5 mmol) of PDMS-OH in 25 
mL of anhydrous dichloromethane was slowly added. After stirring for 40 hours, the 
precipitate formed during the reaction was filtered off and the organic layer was 
washed with 10% Na2CO3, 5% HCl and water until neutrality and finally dried over 
magnesium sulphate. The unreacted acid was removed by repeated recrystallizations 
from n-hexane at – 20 °C. The solid was filtered off and the solvent was removed 
under vacuum to give a colourless liquid (yield 71%). The monomer named S 
characterized by 
1
H-NMR (Figure 5.1) and FTIR (Figure 5.2). 
1
H-NMR (CDCl3, δ in ppm): 0.1 (72H, SiCH3), 0.5 (4H, Si-CH2), 0.5 (3H, 
CH2CH3), 1.3 (4H, SiCH2CH2CH2), 1.6 (2H, SiCH2CH2CH2CH3), 3.5 (2H, 
COOCH2CH2OCH2), 3.7 (2H, COOCH2CH2O), 4.5 (2H, COOCH2), 5.3 – 5.9 
(2H, CH2=), 6.7 (1H, CH=), 7.2 – 7.4 (4H, aromatic). 
FT-IR (KBr pellet, ν in cm–1): 2961 (ν CH aliphatic), 1725 (ν C=O), 1629 – 1503 
(ν C=C aromatic and vinyl), 1260 (ν SiCH3), 1209 – 940 (ν SiO and ν CO), 801 
(SiCH3). 
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Figure 5.1.  
1
H NMR spectrum of the monomer S in CDCl3 
 
Figure 5.2. FTIR spectrum of the monomer S  
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5.2.1.2 Synthesis 4-[(methoxypolyethyleneglycolethoxy)methyl]styrene (E) 
 
A mixture of 15.13 g (28 mmol) poly(ethyleneglycol monomethylether) and 55 mL of 
sodium hydroxide aqueous solution (50% w/w) was vigorously stirred at room 
temperature for an hour, after which 0.75 g (2 mmol) of tetrabutylammonium 
hydrogen sulphate (TBAHS) in 45 mL of CH2Cl2 was added. Then 4.60 g (30 mmol) 
of 4-chloromethylstyrene in 10 mL of dichloromethane was added to the suspension, 
and the reaction mixture stirred for 15 hours at 40 
°
C. Then the organic layer was 
separated, washed several times with dilute hydrochloric acid, and water until 
neutrality and dried over sodium sulphate. The solvent was removed under vacuum 
and the crude product was purified by double elution on silica gel (230 – 400 mesh) 
using methanol/dichloromethane (3/97 v/v) as an eluent mixture (yield 45%). The 
monomer named E was characterized by 
1
H-NMR (Figure 5.3) and FTIR (Figure 
5.4). 
1
H-NMR (CDCl3, δ in ppm): 3.4 (3H, OCH3), 3.5 – 3.8 (44H, OCH2CH2), 4.5 
(2H, PhCH2O), 5.2 – 5.8 (2H, CH2=), 6.7 (1H, CH=), 7.2 – 7.4 (4H, aromatic). 
FT-IR (KBr pellet, ν in cm-1): 3085 (ν CH aromatic), 2870 (ν CH aliphatic), 1629 
– 1458 (ν C=C aromatic and vinyl), 1107 (ν CO). 
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Figure 5.3.  
1
H NMR spectrum of the monomer E in CDCl3 
 
 
Figure 5.4.  FTIR spectrum of the monomer E 
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5.2.1.3 Synthesis of 4-[(2-perfluorohexylethoxy)methyl]styrene (F) 
 
The fluorinated styrene F was prepared according to a literature procedure (Hopken & 
Moller 1992). As an example, a mixture of 10.00 g (27.5 mmol) of 2-perfluorohexyl 
ethanol and 55 mL of sodium hydroxide aqueous solution (50% w/w) was vigorously 
stirred at room temperature for an hour, after which 0.76 g (2 mmol) of 
tetrabutylammonium hydrogen sulphate (TBAHS) in 45 mL of CH2Cl2 was added. 
Then 4.66 g (30 mmol) of 4-chloromethyl styrene in 10 mL of dichloromethane was 
added to the suspension. After stirring the reaction mixture for 18 hours at 40 
°
C, the 
organic layer was separated, washed several times with dilute hydrochloric acid, then 
with water until neutrality and dried over sodium sulphate. The solvent was removed 
under vacuum and the crude product was purified by double elution on silica gel (230 
– 400 mesh) with hexane/ethyl acetate (30:1) as eluent mixture (yield 52%). The 
monomer named F was characterized by 
1
H-NMR (Figure 5.5) and FTIR (Figure 5.6). 
 
1
H-NMR (CDCl3, δ in ppm): 2.4 (2H, CH2CF2), 3.8 (2H, OCH2), 4.6 (2H, 
PhCH2O), 5.3 – 5.8 (2H, CH2=), 6.7 (1H, CH=), 7.3 – 7.5 (4H, aromatic). 
FT-IR (KBr pellet, ν in cm-1): 3090 – 3010 (ν CH aromatic), 2877 (ν CH 
aliphatic), 1631 – 1426 (ν C=C aromatic and vinyl), 1240 – 1018 (ν CO and CF), 
652 (ω CF2). 
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Figure 5.5.  
1
H NMR spectrum of the monomer F in CDCl3 
 
 
Figure 5.6.  
1
H NMR spectrum of the monomer F 
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5.2.1.4 Synthesis of 4-[(methoxytetraethyleneglycolethoxy)methyl]styrene (TE) 
 
Under nitrogen atmosphere 7.63 g (36.7 mmol) of tetra(ethylene glycol) monomethyl 
ether  was added into a three-necked flask containing 50 mL of dry THF  followed by 
addition of 2.22 g (55.5 mmol) NaH. After the mixture was stirred at room 
temperature under nitrogen atmosphere for 1 hour, a solution of 4.05 g (26.5 mmol) of  
4-vinylbenzyl chloride in 20 ml of anhydrous THF was added dropwise. The reaction 
mixture was refluxed for 20 h and then cooled to room temperature and neutralized by 
adding dilute HCl aqueous solution. The organic phase was separated, and the 
aqueous layer was extracted with diethyl ether four times. The organic phase and 
extracts were combined and dried over anhydrous Na2SO4. The solvent was removed 
by a rotavapor, and the crude product was purified by flash column chromatography 
with 4:1 ethyl acetate/hexanes (yield 64 %). The monomer named TE was 
characterized by 
1
H-NMR and FTIR. 
1
H-NMR (CDCl3, δ in ppm): 3.2 – 3.9 (19H, OCH3 and OCH2CH2), 4.5 – 4.6 
(2H, PhCH2O), 5.2 – 5.3 (2H, CH2=), 5.7 – 5.8 (1H, CH=), 6.6 – 6.7 (4H, 
aromatic). 
FT-IR (KBr pellet,   in cm-1): 3086, 2872 ( CH aromatic,  CH aliphatic), 
1629–1457 ( C=C aromatic and vinyl), 1106 ( COC). 
5.2.2 Synthesis of homopolymers 
 
5.2.2.1 Synthesis of homopolymer p(TE) 
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0.35 g (1.06 mmol) of monomer TE, 4 mg of AIBN and 7 mL of distilled 
diglyme were introduced into a schlenk tube and degassed by four freeze-thaw 
pump cycles. The polymerization was let to proceed for 65 hours at 65 °C. The 
reaction was stopped and the polymer was purified by repeated precipitations 
from chloroform into hexane. The final product (yield 68%) was characterized 
by 
1
H-NMR spectroscopy and FT-IR. 
1
H-NMR (CDCl3,  in ppm): 0.8 – 1.9 (3H, CH2CH), 3.3 (3H, OCH3), 3.5 – 3.8 
(16H, OCH2CH2), 4.4 (2H, PhCH2O), 6.1 – 7.2 (4H, aromatic). 
FT-IR (KBr pellet,   in cm-1): 2918 ( CH aromatic), 2875 ( CH2), 16131452 
( C=C aromatic e vinyl), 1106 ( COC). 
5.2.2.2 Synthesis of homopolymer p(S) 
 
0.31 g (0.27 mmol) of monomer S, 4 mg of AIBN and 5 ml of anhydrous THF were 
introduced into a schlenk tube and degassed by four freeze-thaw pump cycles. The 
polymerization was let to proceed for 65 hours at 65 °C. The reaction was stopped and 
the polymer was purified by repeated precipitations from tetrahydrofuran into 
methanol. The final product (yield 28%) was characterized by 
1
H-NMR spectroscopy 
(Figure 5.7) and FT-IR (Figure 5.8). 
1
H-NMR (CDCl3, δ in ppm): 0.1 (72H, SiCH3), 0.5 (4H, Si-CH2), 0.8 – 2.1 (12H, 
CH2CH2Si, SiCH2CH2CH2CH3, PhCHCH2), 3.5 (2H, COOCH2CH2OCH2), 3.7 
(2H, COOCH2CH2OCH2), 4.5 (2H, COOCH2), 6.1 – 8.0 (4H, aromatic). 
FT-IR (KBr pellet, ν in cm-1): 2962 (ν C-H aliphatic), 1725 (ν C=O), 1646 – 
1503 (ν C=C aromatic), 1260 (ν Si-CH3), 1211 – 941 (ν Si-O, ν C-O), 801 (Si-
CH3). 
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Figure 5.7.  
1
H NMR spectrum of homopolymer p(S)  
 
 
Figure 5.8. FTIR spectrum of homopolymer p(S)  
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5.2.2.3 Synthesis of homopolymer p(F) 
 
 
 
0.51 g (1.1 mmol) of monomer F, 5 mg of AIBN and 5 mL of TFT were introduced 
into a schlenk tube and degassed by four freeze-thaw pump cycles. The 
polymerization was continued at 65 ° C for 65 hours. The reaction was stopped, and 
the polymer was purified by repeated precipitations into methanol and dried under 
vacuum. The purified polymer was (yield of 64%) characterized by 
1
H-NMR 
spectroscopy (Figure 5.9) and FTIR. 
1
H-NMR (C6D6/hexafluorobenzene 1:1, δ in ppm): 1.2 – 2.7 (5H, CH2CH and 
CH2CF2), 3.8 (2H, CH2O), 4.5 (2H, PhCH2O), 6.1 – 7.2 (4H, aromatic). 
FT-IR (KBr pellet, ν in cm-1): 3087 – 3020 (ν C-H aromatic), 2922 – 2873 (ν C-
H aliphatic), 1612 – 1422 (ν C=C aromatic), 1238 – 1019 (ν C-O, ν C-F), 653 (ω 
CF2). 
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Figure 5.9.  
1
HNMR spectrum of homopolymer p(F) in C6D6/hexafluorobenzene 
5.2.2.4 Synthesis of homopolymer p(E) 
 
 
 
0.51 g (0.77 mmol) of monomer E, 5 mg of AIBN and 5 mL of distilled diglyme were 
introduced into a schlenk tube and degassed by four freeze-thaw pump cycles. The 
polymerization was continued at 65 ° C for 65 hours. The reaction was stopped, and 
the polymer was precipitated into hexane from TFT solutions and dried under 
vacuum. The purified polymer (yield 84%) was characterized by 
1
H-NMR 
spectroscopy (Figure 5.10) and FT-IR. 
1
H-NMR (CDCl3, δ in ppm): 0.8 – 1.9 (3H,CH2CH), 3.4 (3H, OCH3), 3.5 – 3.8 
(44H, OCH2CH2), 4.4 (2H, PhCH2O), 6.1 – 7.2 (4H, aromatic). 
FT-IR (KBr pellet, ν in cm-1): 2872 (ν C-H aliphatic), 1642 – 1454 (ν C=C 
aromatic), 1044 (ν C-O). 
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Figure 5.10.  
1
H NMR spectrum of homopolymer p(E) 
 
5.2.3 Synthesis of random copolymers and terpolymers  
 
5.2.3.1 General procedure for the preparation of the copolymers p(S-F)x/y 
 
In a typical preparation, monomer S 1.13 g (1.00 mmol) and F 0.48 g (1.00 mmol), 
AIBN (20 mg) and TFT (6 mL) were introduced into a Pyrex vial. The solution was 
degassed by five freeze-pump-thaw cycles. The polymerization reaction was let to 
proceed under stirring at 65 
o
C for 65 h. The crude product was purified by repeated 
precipitations from chloroform solutions into methanol (yield 59%). The copolymer 
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contained 49 mol% F co-units and was named as p(S-F)51/49. It was characterized by 
1
H-NMR (Figure 5.11), 
19
F-NMR and FT-IR (Figure 5.12). 
1
H-NMR (CDCl3, δ in ppm): 0 (36.72H, SiCH3), 0.5 (2.04H, Si-CH2), 0.6 – 2.1 
(7.59H, CH2CH2Si, SiCH2CH2CH2CH3, PhCHCH2), 2.5 (0.98H, CH2CF2), 3.4 – 
3.9 (3.02H, COOCH2CH2OCH2, PhCH2OCH2), 4.4 (2.00H, COOCH2, PhCH2O), 
6.1 – 8.1 (4.00H, aromatic). 
FT-IR (KBr pellet, ν in cm-1):  2962 (ν C-H aliphatic), 1721 (ν C=O), 1646 – 
1503 (ν C=C aromatic), 1261 (ν Si-CH3), 1210 – 942 (ν C-O, ν C-F, ν SiO), 799 
(Si-CH3). 
19
F-NMR (CDCl3/CF3COOH, δ in ppm): –5 (3F, CF3), –38 (2F, CH2CF2), from –
46 to –49 (6F, CF2), –51 (2F, CF2CF3). 
 
Figure 5.11.  
1
H NMR spectrum of p(S-F)51/49 in CDCl3. 
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Figure 5.12.  FTIR spectrum of p(S-F)51/49 in CDCl3. 
 
5.2.3.2 General procedure for the preparation of the copolymers p(S-E)x/z 
 
In a typical preparation, monomers S 1.34 g (1.19 mmol) and E 0.27 g (0.41 mmol), 
AIBN (18 mg) and THF (7 mL) were introduced into a Pyrex vial. The solution was 
degassed by five freeze-pump-thaw cycles. The polymerization reaction was let to 
proceed under stirring at 65 
o
C for 65 h. The crude product was purified by several 
extractions with methanol (yield 79%). The copolymer contained 29 mol% E co-units 
and was named as p(S-E)71/29. It was characterized by 
1
H NMR (Figure 5.13) and 
FTIR (Figure 5.14).  
1
H-NMR (CDCl3, δ in ppm): 0 (51.12H, SiCH3), 0.5 (2.84H, Si-CH2), 0.7 – 2.2 
(9.39H, CH2CH2Si, SiCH2CH2CH2CH3, PhCHCH2), 3.3 – 3.8 (16.47H, 
COOCH2CH2OCH2, OCH2CH2, OCH3), 4.2 – 4.6 (2.00H, COOCH2, PhCH2O), 
6.1 – 8.1 (4.00H, aromatic). 
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FT-IR (KBr pellet, ν in cm-1): 2963 (ν C-H aliphatic), 1722 (ν C=O), 1655 – 
1497 (ν C=C aromatic), 1262 (ν Si-CH3), 1211 – 940 (ν C-O, ν SiO), 800 (Si-
CH3). 
  
 
 
Figure 5.13.  
1
H-NMR spectra of  copolymer  p(S-E)71/29 in CDCl3. 
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Figure 5.14.  FTIR spectrum of  copolymer  p(S-E)71/29  
 
5.2.3.3 General procedure for the preparation of the terpolymers p(S-F-E)x/y/z 
 
In a typical preparation, monomers S (1.19 g, 1.06 mmol), F (0.26 g, 0.53 mmol) and 
E (0.35 g, 0.53 mmol), AIBN (21 mg) and TFT (5 mL) were introduced into a Pyrex 
vial. The solution was degassed by five freeze-pump-thaw cycles. The polymerization 
reaction was let to proceed under stirring at 65 
o
C for 65 h. The crude product was 
purified by several extractions with methanol (yield 83%). The copolymer contained 
56, 18 and 26 mol% of S, F and E co-units and was named p(S-F-E)56/18/26. It was 
characterized by 
1
H NMR (Figure 5.15), 
19
F-NMR and FTIR (Figure 5.16). 
1
H-NMR (CDCl3, δ in ppm): 0.1 (40.32H, SiCH3), 0.5 (2.24H, SiCH2), 0.7–2.2 
(8.04H, CH2CH2Si, SiCH2CH2CH2CH3, PhCHCH2), 2.4 (0.36H, CH2CF2), 3.3–
148 
 
4.0 (14.82H, COOCH2CH2OCH2, PhCH2OCH2, OCH2CH2, OCH3), 4.1–4.6 
(2.00H, COOCH2, PhCH2O), 6.0– 8.0 (4.00H, aromatic). 
19
F-NMR (CDCl3/CF3COOH, δ in ppm): –5 (3F, CF3), –38 (2F, CH2CF2), from –
46 to –49 (6F, CF2), –51 (2F, CF2CF3). 
FT-IR (KBr pellet, ν in cm-1): 2962 (ν CH aliphatic), 1720 (ν C=O), 1652–1487 
(ν C=C aromatic), 1261 (ν SiCH3), 1211–940 (ν CO, ν SiO, ν CF), 800 (SiCH3). 
 
 
 
 
 
Figure 5.15.  
1
H NMR spectrum of  terpolymer  p(S-F-E)56/18/26 in CDCl3 
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Figure 5.16.  FTIR  spectrum of  terpolymer  p(S-F-E)56/18/26 
 
5.3 SYNTHESIS OF BLOCK COPOLYMERS  
 
5.3.1 General procedure for synthesis of the styrene macroinitiators (MI) 
 
 
 
In a typical preparation, 67.95 g (653 mmol) of styrene, 1.97 g (8.20 mmol) of BPO, 
1.91 g (12.30 mmol) of TEMPO and 306 mg of FMPTS were introduced into a 
schlenk tube equipped with magnetic stirrer. The schlenk tube was degassed by 
several freeze-thaw pump cycles and the polymerization was let to proceed in bulk 
initially at 85
 o
C for 2 hours and continued for 12 hours at 125 
o
C. Once the reaction 
was stopped the viscous polymer was diluted by chloroform and the polymer solution 
was precipated into methanol several times (Yield 25 %). The pure polymer was 
named as MI3 analyzed by 
1
H NMR and FTIR. 
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1
H-NMR (CDCl3,  in ppm): 0.6  2.4 (3H, CH2 and CH), 6.2  7.4 (5H, 
aromatic). 
FT-IR (KBr pellet, ν in cm-1): 3082  3026 ( CH aromatic), 2925 ( CH2), 1601 
 1452 ( C=C aromatic), 756 and 698 ( CH). 
5.3.2 Synthesis of diblock copolymers  
 
5.3.2.1 General procedure for the synthesis of diblock copolymers p(Sty-b-S) 
 
 
 
In a typical preparation, 121 mg (0.053 mmol) of MI4 and 2.34 g (2.02 mmol) of 
monomer S and 8 mL of diglyme were introduced into a schlenk tube equipped with a 
magnetic stirrer. Solution was degassed by several freeze-thaw pump cycles and the 
polymerization was let to proceed for 16 hours at 125 
o
C. Diglyme was removed by 
mechanical pump and the crude polymer was dissolved in chloroform and precipitated 
into methanol for several times (yield 34%). The resulting product named as p(Sty-b-
S)d was analysed by 
1
H NMR and FTIR. 
1
H-NMR (CDCl3, δ in ppm): 0.1 (26.64H, SiCH3), 0.5 (1.48H, Si-CH2), 0.9 – 2.2 
(4.36H, CH2CH2Si, SiCH2CH2CH2CH3, PhCHCH2), 3.5 (0.74H, 
COOCH2CH2OCH2), 3.7 (0.74H, COOCH2CH2OCH2), 4.4 (0.74H, COOCH2), 
6.2 – 8.0 (2.58H, aromatic). 
FT-IR (KBr pellet, ν in cm-1):  2962 (ν C-H aliphatic), 1723 (ν C=O), 1647 – 
1503 (ν C=C aromatic), 1260 (ν Si-CH3), 1180 – 998 (ν Si-O, ν C-O), 801 (Si-
CH3). 
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5.3.2.2 General procedure for the synthesis of diblock copolymers p(Sty-b-TE) 
 
 
In a typical preparation, 203 mg (0.088 mmol) of MI3 and 2.30 g (7.12 mmol) of 
monomer TE and 13 mL of diglyme were introduced to schlenk tube equipped with a 
magnetic stirrer.  The solution was degassed by several freeze-thaw pump cycles and 
the polymerization was let to proceed for 8 hours at 125 
o
C. Diglyme was removed by 
mechanical pump and the crude polymer was dissolved in chloroform and precipitated 
into hexane for several times (yield 51%). The resulting product named as p(Sty-b-
TE)d was analysed by 
1
H NMR and FTIR. 
1
H-NMR (CDCl3,  in ppm): 1  2.3 (2.25H, CH2CH), 3.2  4 (10.07H, OCH3 
and OCH2CH2), 4.4 (1.06H, PhCH2O), 6.2  7.4 (3.22H, aromatic). 
FT-IR (KBr pellet, ν in cm-1):3082  3025 ( CH aromatic), 2919, 2869 ( CH2), 
1612  1452 ( C=C aromatic), 1105 ( COC), 760 and 701 ( CH). 
5.3.2.3 General procedure for the synthesis of diblock copolymers p(Sty-b-E) 
 
 
 
In a typical preparation, 298 mg (0.1298 mmol) of MI3 and 3.00 g (4.59 mmol) of 
monomer E and 13 mL of anisole were introduced into a schlenk tube equipped with 
a magnetic stirrer.  The solution was degassed by several freeze-thaw pump cycles 
and the polymerization was let to proceed for 67 hours at 125 
o
C. Anisole was 
removed by mechanical pump and the crude polymer was dissolved in chloroform and 
precipitated into hexane for several times (yield 24%). The resulting pure product 
named as p(Sty-b-E)a was analysed by 
1
H NMR and FTIR. 
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1
H-NMR (CDCl3,  in ppm): 0.9  2.3 (0.9H, CH2CH), 3.0  4.0 (3.76H, OCH3 
and OCH2CH2), 4.4 (0.16H, PhCH2O), 6.2  7.3 (1.42H, aromatic). 
FT-IR (KBr pellet, ν in cm-1): 3080  3024 ( CH aromatic), 2920, 2873 ( 
CH2), 1629  1452 ( C=C aromatic), 1101 ( COC), 756 and 698 ( CH). 
5.3.2.4 General procedure for the synthesis of diblock copolymers p(Sty-b-F) 
 
 
 
In a typical preparation, 345 mg (0.150 mmol) of MI3 and 4.00 g (9.52 mmol) of 
monomer F and 12 mL of TFT were introduced to schlenk tube equipped with a 
magnetic stirrer.  The solution was degassed by several freeze-thaw pump cycles and 
the polymerization was let to proceed for 72 hours at 125 
o
C. TFT was removed by 
mechanical pump and the crude polymer was dissolved in chloroform/TFT (1:1) and 
precipitated into methanol for several times (yield 30%). The resulting product named 
as p(Sty-b-F)a was analysed by 
1
H NMR, 
19
FNMR and FTIR. 
1
H-NMR (CDCl3  in ppm): 1.2  2.8 (1.51H, CH2CH and CH2CF2), 3.6  3.9 
(0.34H, BzOCH2), 4.1  4.6 (0.34H, PhCH2O), 6.2  7.6 (1.78H, aromatic). 
19
F-NMR (CDCl3/CF3COOH, δ in ppm): -5.14 (3F, CF3), -37.69 (2F, 
CH2CF2), -46 to -48 (6F, CF2), -50 (2F, CF2CF3). 
FT-IR (KBr pellet, ν in cm-1): 3059  3026 ( CH aromatic), 2924 ( CH 
aliphatic), 1602  1453 ( C=C aromatic), 1238  1020 ( COC and CF), 746 e 
698 (CH), 652 ( CF2). 
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5.3.3. Synthesis of triblock copolymers 
 
5.3.3.1. General procedure for the synthesis of triblock copolymers p(Sty-b-S-b-TE) 
 
 
 
In a typical preparation, 285 mg (0.06 mmol) of p(Sty-b-S)d and 0.69 g (2.14 mmol) 
of monomer TE and 8 mL of diglyme were introduced into a schlenk tube equipped 
with a magnetic stirrer.  The solution was degassed by several freeze-thaw pump 
cycles and the polymerization was let to proceed for 94 hours at 125 
o
C. Diglyme was 
removed by mechanical pump and the crude polymer was dissolved in chloroform and 
precipitated into hexane for several times (yield 27%). The resulting product named 
as p(Sty-b-S-b-TE)b was analysed by 
1
H NMR and FTIR. 
1
H-NMR (CDCl3, δ in ppm): 0 (26.64H SiCH3), 0.5 (1.48H Si-CH2), 0.9 – 2.4 (8.93H 
CH2CH2Si, SiCH2CH2CH2CH3, PhCHCH2), 3.2 – 4.0 (36.82H COOCH2CH2OCH2, 
OCH2CH2, OCH3), 4.4 (4.46H COOCH2, PhCH2O), 6.1 – 7.1 (10.02H aromatic). 
FT-IR (KBr pellet, ν in cm-1): 3014 ( CH aromatic), 2919, 2869 ( CH2), 1611  
1451 ( C=C aromatic), 1220  920 ( C-O,  Si-O), 1104 ( COC). 
5.3.3.2 General procedure for the synthesis of triblock copolymers p(Sty-b-TE-b-S) 
 
 
 
In a typical preparation, 90 mg (0.002 mmol) of p(Sty-b-TE)b and 0.508 g (0.44 
mmol)  of monomer S and 2 mL of diglyme were introduced into schlenk tube 
equipped with a magnetic stirrer. The solution was degassed by several freeze-thaw 
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pump cycles and the polymerization was let to proceed for 88 hours at 125 
o
C. 
Diglyme was removed by mechanical pump and the crude polymer was dissolved in 
chloroform and precipitated into methanol for several times (yield 32%). The 
resulting product named as p(Sty-b-TE-b-S)a was analysed by 
1
H NMR and FTIR.  
1
H-NMR (CDCl3, δ in ppm): 0 (126.0H SiCH3), 0.5 (7.0H Si-CH2), 0.9 – 2.2 
(21.49H CH2CH2Si, SiCH2CH2CH2CH3, PhCHCH2), 3.2 – 4.0 (29.23H 
COOCH2CH2OCH2, OCH2CH2, OCH3), 4.4 (5,84H COOCH2, PhCH2O), 6.2 – 
8.3 (12,48H aromatic). 
FT-IR (KBr pellet, ν in cm-1): 2960 (ν CH aliphatic), 1723 (ν C=O), 1660 – 1451 
(ν C=C aromatic), 1260 (ν SiCH3), 1210 – 939 (ν C-O, ν SiO), 801 (SiCH3). 
5.3.3.3 General procedure for the synthesis of triblock copolymer p(Sty-b-E-b-F) 
 
 
 
In a typical preparation 325 mg (0.044 mmol)  of p(Sty-b-E)a and 1.760 g (4.19 
mmol) of monomer F in  6 mL of TFT/anisole mixture (2:1 v/v) were introduced into 
schlenk tube equipped with a magnetic stirrer.  The solution was degassed by several 
freeze-thaw pump cycles and the polymerization was let to proceed for 73 hours at 
125 
o
C. The solvent mixture was removed by mechanical pump and the crude 
polymer was dissolved in chloroform and precipitated into hexane for several times 
(yield 29%). The resulting product named as p(Sty-b-E-b-F)a was analyzed by 
1
H 
NMR amd FTIR. 
1
H-NMR (CDCl3,  in ppm): 1.02.7 (1.75H CH2CH and CH2CF2), 3.34.0 
(4.10H OCH3, OCH2CH2, BzOCH2), 4.1  4.8 (0.50H PhCH2O), 6.2  7.4 
(2.10H aromatic). 
19
F-NMR (CDCl3/CF3COOH, δ in ppm): -5 (3F, CF3), -38 (2F, CH2CF2), 
from -46 to -49 (6F, CF2), -51 (2F, CF2CF3). 
FT-IR (KBr pellet, ν in cm-1): 3050  3020 ( CH aromatic), 2922 ( CH2), 1613 
 1451 ( C=C aromatic), 1238  1019 ( COC e CF), 652 (ω CF2). 
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5.3.3.4 General procedure for the synthesis of triblock copolymers p(Sty-b-F-b-
E) 
 
 
 
In a typical preparation 500 mg (0.053 mmol) of p(Sty-b-F)a and 1.88 g (2.97 mmol) 
of monomer E in  7 mL of TFT/anisole mixture (1:1 v/v) were introduced into a 
schlenk tube equipped with a magnetic stirrer.  The solution was degassed by several 
freeze-thaw pump cycles and the polymerization was let to proceed for 88 hours at 
125 
o
C. The solvent mixture was removed by mechanical pump and the crude 
polymer was dissolved in chloroform and precipitated into hexane for several times 
(yield 35%). The resulting product named as p(Sty-b-F-b-E)b was analysed by 
1
H 
NMR, 
19
F-NMR and FTIR. 
1
H-NMR (CDCl3,  in ppm): 0.9  2.6 (6.76H CH2CH, CH2CF2), 2.83.9 
(13.29H OCH3, OCH2CH2, BzOCH2), 4.14.7 (3.84H PhCH2O), 6.1 7.6 (8.78H 
aromatic). 
19
F-NMR (CDCl3/CF3COOH, δ in ppm): -5 (3F, CF3), -38 (2F, CH2CF2), 
from -46 to -48 (6F, CF2), -50 (2F, CF2CF3). 
FT-IR (KBr pellet, ν in cm-1):  3024 ( CH aromatic), 2868 ( CH2), 16121452 ( 
C=C aromatic), 12421020 ( COC and CF), 1103 ( COC ), 699 ( CH aromatic), 
656 ( CF2). 
5.3.3.5 General procedure for the synthesis of triblock copolymer p(Sty-b-F-b-S) 
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In a typical preparation, 300 mg (0.015 mmol) of p(Sty-b-F)b and 1.20 g (1.03 mmol) 
of monomer S in  7 ml of TFT+anisole mixture (1:1 v/v) were introduced to schlenk 
tube equipped with magnetic stirrer.  The solution was degassed by several freeze-
thaw pump cycles and the polymerization was let to proceed for 48 hours at 125 
o
C. 
The solvent mixture was removed by mechanical pump and the crude polymer was 
dissolved in chloroform and precipitated into methanol for several times (yield 53%). 
The resulting pure product named as p(Sty-b-F-b-S)a was analysed by 
1
H NMR and 
FTIR. 
1
H-NMR (CDCl3, δ in ppm): 0 (36.72H, SiCH3), 0.5 (2.04H, Si-CH2), 0.6 – 2.1 
(7.59H, CH2CH2Si, SiCH2CH2CH2CH3, PhCHCH2), 2.5 (0.98H, CH2CF2), 3.4 – 
3.9 (3.02H, COOCH2CH2OCH2, PhCH2OCH2), 4.4 (2.00H, COOCH2, PhCH2O), 
6.1 – 8.1 (4.00H, aromatic). 
FT-IR (KBr pellet, ν in cm-1):  2962 (ν C-H aliphatic), 1720 (ν C=O), 1646 – 
1503 (ν C=C aromatic), 1261 (ν Si-CH3), 1210 – 942 (ν C-O, ν C-F, ν SiO), 799 
(Si-CH3). 
5.4 PREPARATION OF SEBS- AND PDMS-BASED COATINGS FOR 
BIOLOGICAL ASSAYS  
5.4.1 PDMS-based coatings  
Glass slides (76  26 mm2) were cleaned with acetone and dried in oven for 30 min. 
HO-PDMS-OH (5.0 g), ES40 (0.125 g) and bismuth neodecanoate (50 mg) were 
dissolved in ethyl acetate (25 mL). The solution was spray-coated onto the glass slides 
using a Badger model 250 airbrush (50 psi air pressure). The films were dried at room 
temperature for a day and annealed at 120 
o
C for 12 h to form a thin bottom layer. A 
solution of the same amounts of HO-PDMS-OH, ES40 and bismuth neodecanoate 
was cast onto the bottom layer and cured at room temperature for a day and later at 
120 
o
C for 12 h to form a middle layer. Subsequently, a final top layer was formed by 
spray coating a 3% (w/v) ethyl acetate solution of the same amounts of PDMS, ES40 
and bismuth neodecanoate blended with copolymer (different wt % with respect to 
PDMS) and curing at room temperature for a day and then at 120 
o
C for 12 h (overall 
thickness 150–200 m). 
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5.4.2 SEBS-based coatings 
Glass slides (76  26 mm2) were cleaned with acetone and dried in oven for 30 min. 
Then they were kept in a piranha solution (H2SO4/H2O2 = 7/3) at 80 
o
C for 2 h, 
washed with water followed by acetone and dried in oven for 30 min. They were kept 
overnight in a 2% (wt/v) solution of GPS in 95% ethanol (pH adjusted to 5 by acetic 
acid), rinsed with ethanol and were cured at 110 
o
C under vacuum. A bottom layer 
was formed by casting a 12% (wt/v) toluene solution of SEBS-MA and SEBS (56/44 
wt/wt) onto glass slides. Then, the films were dried for 24 h and cured at 120
 o
C for 
12 h under vacuum. A top layer was formed by spray coating a 3% (wt/v) toluene 
solution of SEBS blended with copolymer (different wt% with respect to SEBS). The 
glass slides were dried in air and annealed at 120 
o
C for 12 h (overall thickness 150–
200 m). 
5.5. BIOLOGICAL ASSAYS  
5.5.1 Ulva spore settlement and sporelings assay  
Nine coated slides of each sample were placed in a 30 L tank of recirculating 
deionized water at ~20 
o
C for 7 days. Samples were equilibrated with filtered (0.22 
µm) artificial seawater (ASW: Tropic Marin®) for 1 h prior to the start of the 
bioassays. Zoospores were released into ASW from mature plants of Ulva linza using 
a standard method. In brief, 10 mL of zoospore suspension, adjusted to 1  106 spores 
mL
–1
 with ASW, were added to each test surface placed in individual compartments 
of Quadriperm dishes (Greiner One), which were placed in darkness at room 
temperature. After 45 min, the slides were washed in filtered ASW to remove 
unsettled (unattached) zoospores. Three replicate slides of each sample were fixed in 
2.5% glutaraldehyde in ASW then washed sequentially in filtered ASW, 50% filtered 
ASW/50% deionised water and deionised water and allowed to air-dry overnight. The 
density of adhered spores was determined by autofluorescence of chlorophyll using an 
AxioVision 4 image analysis system attached to a Zeiss fluorescence microscope (20× 
objective; excitation 546 nm, emission 590 nm). The reported data are the average of 
90 counts, 30 counts from each of the three replicate slides (each 0.15 mm
2
). 
Resulting error bars show 95% confidence limits.   
The six remaining slides of each sample were used to cultivate sporelings (young 
plants) of U. linza. Ten millilitres nutrients enriched ASW (Starr & Zeikus 1987) 
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were added to each compartment of the Quadriperm dishes, which were incubated at 
18 
o
C for 7 days with a 16h:8h light:dark cycle and an irradiance of 40 µmol m
–2
 s
–1
. 
The biomass of sporelings was determined in situ by measuring the fluorescence of 
the chlorophyll contained within the cells with a fluorescence plate reader (Tecan 
Genios Plus). The biomass was quantified in terms of relative fluorescence units 
(RFU).  
The strength of attachment of sporelings was determined using a calibrated flow 
channel in which the slides were exposed to different wall shear stresses. Percentage 
removal was calculated from readings taken before and after exposure to flow, with 
95% confidence limits calculated from arcsine-transformed data. Differences between 
surfaces were tested using one-way ANOVA followed by Tukey’s test for pairwise 
comparisons.  
% removal = (biomass after flow channel/biomass before flow channel) *100. 
5.5.2 Navicula diatoms assay 
The diatom assay followed the methods described in ref 32. Six coated slides of each 
sample were placed in a 30 L tank of recirculating deionized water at ~20 
o
C for 7 
days. Samples were equilibrated with filtered (0.22 µm) artificial seawater (ASW: 
Tropic Marin®) for 1 h prior to the start of the bioassays. In brief, cells of Navicula 
perminuta were re suspended in ASW to a concentration of 0.3 μg chlorophyll a/mL. 
The surfaces (6 replicates) were placed in Quadriperm dishes to which 10 mL of the 
diatom culture were added. After 2 h, the slides were washed to remove any 
nonattached cells. Three replicate slides were then fixed and processed as described 
for Ulva zoospores. The remaining three slides were exposed to different wall shear 
stress in a flow channel, 23 before fixation and processing. Removal data are 
expressed as a percentage of the density of cells prior to exposure in the flow channel. 
 
5.5.3 Flow channel  
The flow channel held 6 microscope slides. A variable height bedding system allowed 
each slide to be adjusted so that the surface was flush with the surrounding channel 
wall. Turbulent flow was created in a 60 cm long low aspect ratio section of channel 
preceding the slides. Exposure of the slides to flow was standardized at 5 min. Flows 
of seawater up to 4.9 m/s generated wall shear stress up to 56 Pa. The fully-developed 
channel flow allowed accurate wall shear stress determination from measurements of 
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flow rate. Wall shear stresses were determined from streamwise pressure drop 
measurements using the Reynolds-averaged Navier-Stokes equation.   
5.6 CHARACTERIZATIONS 
5.6.1 FT-IR Spectroscopy 
IR spectra were recorded with a spectrum One Perkin-Elmer Fourier Transform 
infrared spectrophotometer with 4 cm
-1
 resolution using 16 scans. Samples were 
pressed in a KBr pellet or cast on a KBr crystal plate. 
5.6.2 NMR Spectroscopy 
1
H-NMR and 
19
F-NMR spectra were recorded with a Varian Gemini VRX300 
spectrometer on CDCl3 and CDCl3/CF3COOH solutions, respectively. 
5.6.3 Gel permeation chromatography (GPC) 
Gel permeation chromatography (GPC) analyses was carried out using a Jasco PU–
1580 liquid chromatograph having two PL gel 5 m mixed-D columns, with a Jasco 
830-RI refractive index detector. CHCl3 was used as an eluent with a flow rate of 1 
mL/min and polystyrene standards were used for calibration.  
5.6.4 Differential scanning calorimetry (DSC) 
Differential scanning calorimetry (DSC) measurements were performed with a 
Mettler DSC 30 instrument. Samples of 1025 mg were used with 10 °C/min heating 
and cooling rates. Nitrogen was used as purge gas at the flow rate of 30 mL/min. 
Temperature and energy calibrations were carried out using standard samples of tin, 
indium and zinc. The glass transition temperature (Tg) was taken as the inflection 
temperature in the second heating cycle.  
5.6.5 Thermal gravimetric analysis (TGA) 
Thermogravimetric analyzer TGA Q500 was employed for TGA analysis. Evaluations 
were performed on 20-25 mg samples at 10
 o
C/min under a 60 mL/min nitrogen flow 
from 30 
o
C to 700 
o
C. 
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5.6.6 Wide angle X-ray diffraction (WAXD) 
WAXD patterns were obtained in collaboration with Prof. O. Francescangeli, 
Department of Physics and Materials Engineering, University of Ancona. The 
measurements of X-ray diffraction of samples were carried out with the instrument 
Bruker AXS General Area Detector Diffraction System (GADDS) equipped with a 
two-dimensional detector (scattering angle resolution 0.028). For the measurements 
we used a monochromatic radiation CuKα (λ = 0.154 nm). The samples are placed in 
Lindemann glass capillaries of 0.8 mm diameter and positioned at a distance of 10 cm 
from the detector. The spectra intensity as a function of the angle of scattering was 
obtained after an adequate radial average of two-dimensional diffractograms obtained. 
5.6.7 Static contact angle analysis  
Contact angles were measured by the sessile drop method with a FTA200 Camtel 
goniometer, using water (w) (J. T. Baker, HPLC grade) and n-hexadecane (h) , 
Diiodomethane (Aldrich product of the highest purity available) as wetting liquids. 
Polymer films approximately 300 nm thick were prepared by spin-coating 3 wt % 
polymer solution on glass supports. The resulting films were dried in air for overnight 
followed by annealing at 120 
o
C and slowly cooled to room temperature. Blend 
coatings for contact angle measurements were prepared according to the previously 
described procedure (see 5.4). 
5.6.8 Dynamic contact angle  
Dynamic contact angle measurements were carried out using Dataphysics DCAT 
(Dynamic contact angle tensiometer) 11 with immersion/withdrawal rates of 200 
µm/s. 
Two different experiments were made: 
 Three immersion cycles at 6 mm immersion depth with dwell times between 
immersion and withdrawal of 10 s. 
 One immersion cycle at 6 mm immersion depth with a dwell time of 1000 s 
followed by two immersion cycles at 12 mm and a dwell time of 10 s. 
Measurements were carried out on a polymer dip coated films annealed at 120 
o
C for 
12 hours and then cooled to room temperature. 
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5.6.9 X-ray photoelectron spectroscopy (XPS) 
XPS spectra were recorded in collaboration with Dr. A. Glisenti (University of 
Padova) by using a Perkin-Elmer PHI 5600 spectrometer with monochromatic Al-Kα 
source (1486.6 eV) operating at 350 W. The working pressure was less than 1
8
 Pa. 
The spectrometer was calibrated by assuming the binding energy (BE) of the Au 4f7/2 
line to be 84.0 eV with respect to the Fermi level. Extented spectra (survey) were 
collected in the range 0-1350 eV (187.85 eV pass energy), 0.4 eV step, 0.05 s/step). 
Detailed spectra were recorded for the following regions: C (1s) O(1s) and F (1s) 
(11.75 eV pass energy, 0.1 eV step, 0.1 eV s/step). The standard deviation in the BE 
values of the XPS line was 0.10 eV. The atomic percentage, after a Shirley type 
background substarction (ref e), was evaluated using the PHI sensivity factors (ref e). 
To take into charging problems, the C (1s) peak was considered at 285.0 eV and peak 
BE differences were evaluated. 
5.6.10 Atomic Force Microscopy (AFM) 
AFM analysis was performed with a microscope equipped with nanoscope IV. 
Topographic and phase contrast imaging were performed. Nanoprobe cantilevers (125 
µm, 30 N/m) were used. Phase contrast AFM was carried out at a set point amplitude 
to cantilever free-oscillation amplitude (Asp/A0) ratios lower than 0.8, generally 
regarded as low tapping force. 
Average roughness (Ra) and root mean square roughness (Rq) were determined 
according to the following equations. 
Ra   
   i  cp 
N
i=1
N
  
R    
   i  ave  
 
   
N
      
 
where Zi is the cordinate of height in the z axis of the experimental points, Zcp is the 
value of z in the central plane, Zave is the average of z within a given area, and N the 
total number of sampled points. 
 
 
162 
 
5.6.11 Instron mechanical analysis 
Tensile stress–strain experiments were performed at ambient temperature on a 5564 
Instron machine. SEBS- and PDMS-based two-layer films were prepared according to 
the procedures described above and deposited on PTFE Petri dishes. Samples were 
cut into microtensile test specimens and pre-conditioned for 3 days at 25 °C and 50% 
relative humidity in a chamber containing a saturated solution of magnesium nitrate. 
Testing protocols were based on ASTM Standard test D-882. Young’s modulus (E) 
was calculated by drawing a tangent to the stress–strain curve at 10% elongation. At 
least 7 specimens for each sample were tested. 
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a b s t r a c t
Novel ﬁlms were prepared by condensation curing reaction of a poly(dimethyl siloxane) (PDMS) matrix
with bismuth neodecanoate and dibutyltin diacetate catalysts. An ecotoxicological study was performed
on the leachates of the coatings using the bacterium Vibrio ﬁscheri, the unicellular alga Dunaliella
tertiolecta, the crustacean Artemia salina and the ﬁsh Sparus aurata (larvae) as testing organisms.
A copper-based self-polishing commercial paint was also tested as reference. The results showed that the
tin-catalysed coatings and the copper paint were highly toxic against at least two of the four test
organisms, whereas bismuth-catalysed coatings did not show any toxic effect. Moreover, the same
biological assessment was also carried out on PDMS coatings containing a surface-active ﬂuorinated
polymer. The toxicity of the entire polymeric system resulted only from the tin catalyst used for the
condensation curing reaction, as the bismuth catalysed coatings incorporating the surface-active
polymer remained atoxic toward all the tested organisms.
& 2013 Elsevier Inc. All rights reserved.
1. Introduction
Marine biofouling, the colonisation of submerged surfaces by
unwanted marine organisms, has detrimental effects on shipping
and leisure vessels, heat exchangers, oceanographic sensors and
aquaculture systems (Callow and Callow, 2011). In the case of ship
hulls, the adverse effects caused by biological settlement include high
frictional resistance, due to generated roughness, which leads in turn
to an increase in fuel consumption. Moreover, hull cleaning, paint
removal and repainting, and associated environmental compliance
measures contribute to the cost of biofouling (Schultz et al., 2011). The
control of biofouling has imposed environmental burdens through the
use of toxic self-polishing tributyltin (TBT)-based antifouling paints,
which are now banned (Pereira and Ankjaergaard, 2009). Although
current commercially available copper-based antifouling paints are
moderately toxic against marine fauna and poorly toxic against
mammals, they are much less effective than TBT-based coatings and
require additional co-biocides to enhance their effectiveness (Dafforn
et al., 2011). However, the current legislation has posed a stricter
evaluation and regulatory regime on the use of booster biocides (Price
and Readman, 2013). A major challenge in creating an effective green
alternative to biocide-based coatings is that the diversity of fouling
organisms and their adhesion mechanisms is vast.
Generally, the control of biofouling is achieved by the manip-
ulation of the physico-chemical properties of the coating at the
nanoscale so that the sensing organisms either perceive the
surfaces unsuitable for settlement or the interactions intervening
between the foulant adhesives and the speciﬁc surface features are
weakened, promoting adhesive failure.
The most successful and commercially widespread fouling
release coatings are those based on poly(dimethyl siloxane) (PDMS)
elastomers (Finnie and Williams, 2010). The basis of low adhesion of
fouling organism to PDMS coatings is due to a number of factors,
including surface energy, bulk modulus and thickness of the coating.
Recent research has focussed on improving performance by, for
example, the dispersion of oils (Kavanagh et al., 2003), nanoﬁllers
(Beigbeder et al., 2008) and tethered antimicrobials (Majumdar
et al., 2008) and by the development of polyurethane-siloxanes
(Sommer et al., 2010). One other approach is the incorporation of
ﬂuorinated polymers in a PDMS matrix (Marabotti et al., 2009). The
segregation of a surface-active ﬂuorinated polymer is in fact an
additional tool to nanostructure a coating surface with a minimised
surface energy (Li et al., 2002; Martinelli et al., 2009a; Dimitriou
et al., 2012). In particular, we recently reported on the surface
properties of PDMS networks containing copolymers carrying
amphiphilic ﬂuoroalkyl side groups (Martinelli et al., 2012a). The
hydrodynamic behaviour (Atlar et al., 2013) as well as the fouling
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release performances make these coatings good candidates for
practical application (Martinelli et al., 2012b). These coatings were
prepared by a sol–gel cross-linking reaction of a bis(silanol)-termi-
nated PDMS matrix catalysed by tin compounds. Tin catalysts have
long been exploited in room temperature vulcanisable (RTV) sili-
cones, including adhesives and sealants (Nwaogu et al. 2011). More
recently, however, dibutyltin and dioctyltin compounds have come
to be considered as carcinogenic, mutagenic or toxic to reproduction
and in 2010 the EU imposed ofﬁcial limits on their use (Commission
Regulation, 2010). Therefore, despite the effectiveness of tin catalysts
in promoting condensation reactions, their toxicity issues pushed us
to seek atoxic, generally accepted alternatives, such as bismuth
catalysts. Bismuth compounds are widely known to be effective
catalysts in polycondensation reactions, namely polyurethane for-
mation (Arenivar, 1989). However, to the best of our knowledge
there are no reports in the open literature on the use of bismuth
compounds to catalyse the condensation cure of PDMS silanols. A
few such examples have been described in the patent literature
(Maliverney et al., 2011; Yang and Huang, 2012).
In this work we developed new coating formulations which
consisted of a surface-active copolymer dispersed in a PDMS
matrix. These coatings were prepared by a condensation curing
reaction catalysed with dibutyltin diacetate and bismuth neode-
canoate, with the aim to compare the toxicity of the two coating
systems. A commercially available copper-based antifouling paint
was also used as a reference. Acute toxicity was tested on leachates
by ecotoxicological assays on model organisms such as Vibrio
ﬁscheri, Dunaliella tertiolecta, Artemia salina and Sparus aurata.
The coatings may have potential application to prevent marine
biofouling, and their fouling release performances will be the subject
of a future publication.
2. Materials and methods
2.1. Materials
Monocarbinol-terminated poly(dimethyl siloxane) (Si11-OH, Mn¼1000 g mol1,
Mw/Mn1.2) (Gelest), bis(silanol)-terminated poly(dimethyl siloxane) (HO-PDMS-OH,
Mn¼26,000 g mol1) (Gelest), poly(diethoxy siloxane) (ES40, Mn¼134 g mol1)
(Gelest), dibutyltin diacetate (DBTDA) (Fluka), bismuth neodecanoate (BiND) (Aldrich),
1H,1H,2H,2H-perﬂuorooctyl acrylate (AF) (Fluorochem), 2-bromo-isobutyryl bromide
(Aldrich), CuBr (Aldrich) and 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA)
(Aldrich) were used without further puriﬁcation.
2.1.1. Synthesis of diblock copolymer Si11-AF14
The diblock copolymer Si11-AF14 was synthesised in two steps following a
previous procedure, as described in (Martinelli et al., 2011a). Firstly, a hydrophobic
poly(dimethyl siloxane) macroinitiator (Si11-Br) was prepared by the esteriﬁcation
reaction of a commercially available monocarbinol-terminated PDMS with 2-
bromo-isobutyryl bromide. Secondly, the macroinitiator was used for initiating
the atom transfer radical polymerisation (ATRP) of the perﬂuorooctyl acrylate
monomer (Fig. 1).
2.1.2. Synthesis of macroinitiator
7.00 g (7.00 mmol) of Si11-OH was dissolved in 85 mL of anhydrous tetrahy-
drofuran and 3.9 mL (28 mmol) of triethylamine was added under nitrogen to the
stirred solution. 1.3 mL (7 mmol) of 2-bromo-isobutyryl bromide in 15 mL of
anhydrous tetrahydrofuran was slowly dropped. The reaction was carried out at
ambient temperature for 24 h. The solution was ﬁltered and the solvent removed
under vacuum. The resulting yellow oil was taken up in dichloromethane and
washed with ﬁve percent NaHCO3, 2.5 percent HCl, and water. The separated
organic layer was dried over Na2SO4, and the volatiles were removed under
vacuum to yield Si11-Br as a pale yellow oil (88 percent yield).
1H NMR (CDCl3): δ (ppm)¼0.1 (SiCH3), 0.6 (SiCH2), 0.9 (CH2CH3), 1.3
(CH3CH2CH2CH2Si), 1.6 (CH3CH2), 1.9 (C(CH3)2), 3.4 (COOCH2CH2OCH2), 3.7 (SiCH2-
CH2OCH2), 4.4 (COOCH2).
FT-IR (ﬁlm): ν (cm1)¼2961 (ν CH aliphatic), 1740 (ν CQO ester), 1260
(ν SiCH3), 10901022 (ν CO, ν SiO), 800 (ν SiCH3)
2.1.3. Synthesis of block copolymer
0.40 g (0.40 mmol) of Si11-Br, 3.35 g (8.01 mmol) of AF, 92 mg (0.40 mmol) of
HMTETA and 9 mL of triﬂuorotoluene were introduced in a dry Schlenk ﬂask. After
three freeze–thaw pump cycles, 57 mg (0.40 mmol) of CuBr was added under nitrogen
and the solution was deoxygenated by four freeze–thaw pump cycles. The polymer-
isation was let to proceed for 66 h at 115 1C. The reaction mixture was then dissolved
in chloroform and washed with water. The polymer was puriﬁed by repeated
precipitations in methanol (42 percent yield). The resulting block copolymer, with
average degrees of polymerisation of the PDMS and AF blocks equal to eleven and
fourteen, respectively, is denoted by Si11AF14 (Mn,NMR¼6400 g mol1, Mw/Mn¼1.16).
1H NMR (CDCl3): δ (ppm)¼0.1 (SiCH3), 0.5 (SiCH2), 0.92.6 (CH3CH2CH2,
SiCH2CH2, C(CH3)2, CH2CF2, CHCH2), 3.43.6 (COOCH2CH2OCH2), 4.4 (COCH2,
COOCH2CH2CF2).
19F NMR (CDCl3/CF3COOH): δ (ppm)¼5 (CF3), 38 (CH2CF2), 46 to 49
(CF2), 51 (CF2CF3).
FT-IR (ﬁlm): ν (cm1)¼2962 (ν CH aliphatic), 1740 (ν CQO ester), 14001000
(ν SiCH3, ν CO, ν SiO, ν CF), 803 (ν SiCH3), 652 (ω CF2).
2.1.4. Preparation of PDMS coatings
In a typical preparation, HO–PDMS–OH (5.0 g), ES40 (0.125 g) and BiND or
DBTDA catalyst (50 mg) were dissolved in ethyl acetate (25 mL). The solution was
spray-coated onto glass slides (7626 mm2) using a Badger model 250 airbrush
(50 psi air pressure). The ﬁlms were cured at room temperature overnight and at
120 1C for 12 h to form a thin bottom layer. A solution of the same amounts of HO–
PDMS–OH, ES40 and catalyst was cast onto the bottom layer and cured at room
temperature for a day and at 120 1C for 12 h. The coatings derived there from are
denoted as PDMS_Sn and PDMS_BN, where Sn and BN indicate tin or bismuth
catalyst, respectively. Finally, these ﬁlms were used as middle layers on top of
which the same solution containing HO-PDMS-OH, ES40, catalyst and 10 wt%
surface-active copolymer Si11-AF14 was spray coated. The obtained coatings were
cured at room temperature overnight and then at 120 1C for 12 h (overall thickness
200–250 μm) and are denoted as (S11-AF14)_Sn and (S11-AF14)_BN. The thickness
of the coatings was determined with a thickness gauge.
2.2. Characterisation
1H NMR and 19F NMR spectra were recorded with a Varian Gemini VRX300
spectrometer on CDCl3 and CDCl3/CF3COOH solutions, respectively. The copolymer
composition was determined from the integrated areas of the 1H NMR peaks at
0.1 ppm and 4.4 ppm corresponding to protons Si(CH3) of the PDMS block and
COOCH2 of the AF block, respectively.
The polydispersity of the molecular weights was determined by size exclusion
chromatography (SEC) with a Jasco PU-1580 liquid chromatograph equipped with
two PL gel 5 μmMixed-D columns and a Jasco 830-RI refractive index detector. Poly
(methyl methacrylate) standards (400–400,000 g mol1) were used for calibration.
Static contact angles θ were measured with a Camtel FTA200 goniometer at
room temperature using water and n-hexadecane (purity499 percent, Sigma-
Aldrich) as wetting liquids. The θ values were employed to calculate the surface
tension γs of the ﬁlms following the additive-component method of Owens–
Wendt–Kaelble (OWK) (Owens and Wendt, 1969; Kaelble, 1970).
The elastic modulus of the coatings was measured by a 5564 Instron instru-
ment (Instron Corporation, Canton, MA). The test ﬁlms were cut into microtensile
specimens and preconditioned for 3 days at 25 1C and 50 percent relative humidity
in a chamber containing a saturated solution of magnesium nitrate. Testing
protocol was based on ASTM Standard test D-882.
2.3. Ecotoxicological assays
The previously described coatings plus a self-polishing copper-based
(Cu-based, 3040 percent copper oxide, Nautilus Self Polishing, Cecchi Gustavo
& C. www.cecchi.it, Italy) paint were used for ecotoxicological assessment.
Cu-based was used as reference in order to compare the ecotoxicity of a commercial
paint (antifouling activity based on a biocidal effect) with that of our prepared
coatings (antifouling activity based on a foul-release effect). Cu-based paint was
deposited on glass slides by a brush.
The coatings PDMS_BN, (Si11-AF14)_BN, PDMS_Sn, (Si11-AF14)_Sn, and Cu-
based were submitted to an ecotoxicological assessment.
2.3.1. Leachate production
In order to assess the ecotoxicity of coatings, a protocol used to estimate release
rates of biocides from anti-fouling paints (ASTM: D6442-99, 1999) was adopted
(Karlsson and Eklund, 2004). Three replicates of coated and uncoated (control) glass
slides were leached in autoclaved natural seawater (NSW) (salinity 34‰, pH 8.270.2).
The ratio “coated surface/volume” was 10 cm2 coated surface/1 l NSW. Coatings and
controls were kept in 1 L of NSW for 1 h to allow a pre-leaching and were subsequently
transferred to autoclaved beakers containing 1 L NSW and covered with aluminium foil
to prevent evaporation and the growth of photosynthetic organisms. To simulate slow
water movement, the beakers were placed on a shaking table (30 rpm) for 14 days at
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room temperature (2272 1C). This leaching period was chosen as the allowed release
rate of biocides from paints is based on 14 days in Swedish legislation (Kemi, 2003).
At the end of leaching procedure, all leachates showed a pH value in the range 7.9–8.3.
Samples were then frozen (20 1C) until analysis that started 7 days after sampling.
2.3.2. Vibrio ﬁscheri: inhibition of bioluminescence
The inhibition of bioluminescence test was performed according to standard
operating procedure using the Basic protocol (Azur Environmental, 1995), based on
the ISO procedures (2007). Prior to submitting the samples to a full test
(identiﬁcation of ecotoxicological parameters such as EC20/50), a screening test
(maximum percent of effect, I%) at maximum leachate concentration (90 percent,
as indicated in the Basic protocol) was performed. Only leachates that showed a
signiﬁcant (po0.05, Dunnet's test) I%4twenty percent were submitted to the full
test. Bacteria (V. ﬁscheri) were obtained from Ecotox LDS (Pregnana Milanese, Italy)
as freeze-lyophilized cells. Bacteria were exposed to a dilution series of the sample
and their light emission was determined after incubation. Filtered (0.22 μm) NSW
was used as diluent. The light emission of the bacteria in the samples was
measured after 5, 15 and 30 min and compared to an aqueous control. The tests
were performed at 15 1C (pH 6–8, operative range) in triplicate and four controls.
All measurements were performed by using the M500 luminometer equipped with
the appropriate cells. The instrument was interfaced with a PC operating with the
Microtoxs Omni 1.16 software, for acquisition, data handling and EC50 calculation
(Least Square Method). EC50 values (mg/L) are expressed as means together with
conﬁdence limits (95 percent) of three replicate determinations. Phenol was used
as the reference toxicant.
2.3.3. Dunaliella tertiolecta: inhibition of growth
The inhibition of growth of D. tertiolecta was evaluated according to the
protocol described in ISO procedures (1995), with slight modiﬁcations. D. tertiolecta
strain CCAP 19/27 was purchased from the reference centre CCAP (Culture
Collection of Algae and Protozoa—Scottish Association for Marine Science/SAMS
Research Services Ltd). D. tertiolecta was cultured in F/2 medium (NSW supple-
mented with a salt mix, a trace metal mix and a vitamin mix, according to Guillard,
1975). Late logarithmic phase algae were inoculated in 25 mL fresh medium (50 mL
conical ﬂasks) to an initial concentration of 104 cells/mL and were grown at
2072 1C under cool white ﬂuorescent continuous light of 7000 lx with slow
shaking for 96 h. Experiments were performed in triplicate. F/2 medium acted as
control. Leachates were tested at leachate maximum concentration (100 percent,
no dilution). Potassium dichromate was used as reference toxicant. The endpoint
was the inhibition of growth (cells/mL) at the end of 96 h. Cells were counted by
the use of Scepter 2.0 Handheld Automated Cell Counter (Millipore Corporation,
Billerica, MA, USA).
2.3.4. Artemia salina: acute toxicity test (24 h)
The hatching of A. salina cysts (Artemia Gold Argentemia) followed the
procedure described in standardised short-term toxicity test (ARC-test) with
nauplii (Vanhaecke and Persoone, 1981), with slight modiﬁcations. The newly
hatched nauplii were collected and 20 nauplii were directly pipetted in triplicate
into 25 mL ﬂasks containing 20 mL of NSW that acted as control, and NSW plus
leachates at serial dilutions (serial dilution factor¼2 starting from 100 percent
leachate, total number of crustaceans¼60). Flasks were sealed, incubated at 25 1C
in the darkness for 24 h under a gentle shaking. The endpoint (immobility/death)
was assessed at the end of the test with a Zeiss stereomicroscope. Potassium
dichromate was used as reference toxicant. EC50 values were calculated with the
Probit method by the use of EPA Probit Analysis software for calculation of LC/EC
values.
2.3.5. Sparus aurata: acute toxicity test (96 h)
Seabream (Sparus aurata) 30-days larvae were obtained from an aquaculture
farm. Fish were acclimatized for 2 weeks in laboratory 50 L-aquaria (natural sea
water, temperature 2071 1C, salinity 30‰). Marine water characteristics such as
ammonia, nitrate and nitrite concentrations, dissolved oxygen, water pH, and redox
potential were stable and in the physiological range of the species, according to the
indications reported in Moretti et al. (1999). During the adaptation period ﬁsh were
fed with Artemia salina nauplia. The tested ﬁsh were selected from aquaria where
no mortality was recorded for at least 7 days prior to the experiment. The 96-h
acute toxic test was performed following OECD 203 (1992) procedures, with
modiﬁcation related to marine species. Prior to submitting the samples to a full
test (identiﬁcation of ecotoxicological parameters such as LC20/50, lethal concentra-
tion), a screening test at maximum leachate concentration (100 percent) was
performed; if mortality exceeded over 10 percent, ﬁsh were submitted to the full
test by the use of serial leachate-dilutions. Acute toxicity was expressed as the
median lethal concentration (LC50) that is the concentration in water which kills
50 percent of the test batch of ﬁsh within a continuous period of exposure of 96 h.
All experimental series were performed in triplicate (10 ﬁsh/replicate), including
controls. The LC values and their 95 percent conﬁdence limits were determined by
Probit analysis using a computer software (USEPA Probit Analysis Programme used
for calculating EC values, version 1.5). All animal care and experimentation were
conducted under the approval of the University of Pisa (Italy) Animal Care and Use
Committee.
3. Results
3.1. Polymers synthesis
The block copolymer Si11-AF14 was designed in such a way
that a hydrophobic polysiloxane ﬁrst block was linked to a
ﬂuorinated hydrophobic and lipophobic polymer block. Fluori-
nated (meth)acrylate polymers carrying long perﬂuorinated seg-
ment chains (Z8 CF2 groups) are known to be highly effective
surface-active materials (van de Grampel et al., 2004; Mielczarski
et al., 2010). Our choice of using monomer AF with a short
perﬂuorinated chain segment (six CF2 groups) was due to the
increasing concern about bioaccumulation in the environment of
biodegradation products of longer perﬂuorinated alcohols, such as
perﬂuorooctanoic acid (Russell et al., 2008: Dinglasan et al., 2004;
Post et al., 2012).
The obtained block copolymer was used as a surface-active
component to be blended with a PDMS matrix to create antifoul-
ing/fouling release coatings. The three-layer coatings devised in
fact consisted of a thin bottom layer (2 μm thickness), a thicker
middle layer (200250 μm thickness), both composed of cross-
linked PDMS, and a thin top layer of cross-linked PDMS loaded
with 10 wt% surface-active block copolymer (Fig. 1). According to
this procedure, the block copolymer was physically dispersed, i.e.
not chemically linked, within the PDMS matrix in a semi-
interpenetrating cross-linked network. For each layer, the cross-
linking reaction occurred via a condensation sol–gel process at
room temperature, that was catalysed by either DBTDA or BiND
(Fig. 2). Final cure was carried out at 120 1C.
The bottom PDMS layer provides a stronger adhesion of the whole
ﬁlm to the glass substrate, thereby preventing delamination of the
coating during under-water evaluations. The middle layer imparts the
desired bulk thickness (Singer et al., 2000; Chaudhury et al., 2005)
and elastic modulus properties to the overall system. In particular,
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O
Br
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O
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Fig. 1. Synthesis of the block copolymer Si11-AF14.
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PDMS_Sn and PDMS_BN were found to exhibit similar values of
Young's elastic modulus of 0.18 and 0.26 MPa (at twenty percent
strain), conﬁrming the elastomeric nature of the coatings. On the other
hand, the incorporation of copolymer into a PDMS matrix and the
deposition of a thin layer of copolymer onto it have been demon-
strated not to affect signiﬁcantly the elastomeric character of the
matrix (Marabotti et al., 2009). Therefore, the surface-active copolymer
contained in the top layer is ultimately responsible for the surface and
interface properties of the coating.
To support this, we measured the water (θw) and n-hexadecane
(θh) contact angles of the blend coating (Si11-AF14) as compared
with those of the PDMS matrix and the poly(perﬂuorooctyl acry-
late) homopolymer P(AF) (Table 1). The blend coating was both
hydrophobic (θw4901) and lipophobic (θh4601) due to a low
wetting surface, typical of ﬂuorinated polymers, namely P(AF). By
contrast, PDMS coatings were lipophilic (θh331). This indicated
that the block copolymer phase-separated from the PDMS matrix
and preferably segregated to the polymer–air interface. As a
consequence of its dual phobicity, the blend coating was charac-
terised by a remarkably low surface tension (γs7 mN/m), accord-
ing to Owens–Wendt–Kaelble (Owens and Wendt, 1969; Kaelble,
1970). Upon the immersion of the coatings in water for ten days,
both θw and θh slightly decreased resulting in a slightly increase in
surface tension (γs11 mN/m). Therefore, we were able to develop
polymer ﬁlms that combine in one and the same system both low
elastic modulus and low surface energy properties. These features
are commonly regarded as two essential prerequisites for innova-
tive fouling release coatings (Lejars et al., 2012).
3.1.1. Vibrio ﬁscheri: inhibition of bioluminescence
A screening test (Fig. 3) was performed on controls and coat-
ings in order to evaluate the maximum percentage of effect (I%) at
maximum concentration (90 percent, no dilution). Leachates of
Cu-based, PDMS_Sn and (Si11-AF14)_Sn coatings showed an I%
higher than 50 percent (94.78, 67.51 and 64.50 percent means,
respectively) and subsequently were submitted to a full test in
order to estimate an EC50 value. By contrast, aqueous controls and
leachates of (Si11-AF14)_BN coating showed an I% lower than
twenty percent (5.66 and 0.56 percent means, respectively) and
were not submitted to a full test. Leachate of PDMS_BN coating
showed an I% value of 26.15 percent and subsequently was
submitted to a full test in order to estimate an EC20 value.
Results of full tests (15 min incubation) are reported in Table 2.
Leachates of Cu-based, PDMS_Sn and (Si11-AF14)_Sn coatings
showed EC50 values of 7.7, 19.21 and 25.18 percent, respectively.
PDMS_BN, even if showing a slight toxicity in the screening test,
when submitted to a full test, showed an EC20490 percent, with
an I% of 16.54 (data not shown).
No inhibition of bioluminescence was detected in pre-leachates
(1 h), except for Cu-based leachates that showed an EC20 value of
67 percent (95 percent conﬁdence limits: 29.78–86.57 percent,
data not shown).
Fig. 2. Schematic representation of the three-layer coatings and the condensation process, which is responsible for both cross-linking of the PDMS matrix and ﬁrm
anchorage to the glass support.
Table 1
Static contact angles with water θw and n-hexadecane θh.
Film θw (deg) θh (deg)
(Si11-AF14) 13074 91719
PDMSa 11171 3371b
P(AF)c 11471 8072
a Films of cross-linked PDMS.
b Not determined with accuracy, rapidly decreasing with time.
c Films prepared by spin-coating a 3 wt% solution in hexaﬂuorobenzene on
glass slides.
Fig. 3. I% values (percent inhibition of bioluminescence) after exposure of
V. ﬁscheri to 14-days leachates at maximum concentration (90 percent). Results
are expressed as mean7SE of three independent experiments (15 min incubation).
Dashed lines represent the threshold of twenty percent and 50 percent biolumi-
nescence inhibition.
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3.1.2. Dunaliella tertiolecta: inhibition of growth
The inhibition of growth tests for D. tertiolecta showed no
signiﬁcant inhibition of growth for leachates (100 percent con-
centration) of PDMS and polymer coatings with respect to control.
In same experiment, the algal growth was signiﬁcantly inhibited
only by Cu-based coating (100 percent leachates) with respect to
control (data not shown). In the subsequent full test, leachates of
Cu-based exhibited an EC50 value of 34.71 percent (95 percent
conﬁdence limits: 32.72–36.57 percent, data not shown).
No inhibition of growth was detected in pre-leachates (1 h),
except for Cu-based leachates that showed an EC20 value of 54
percent (95 percent conﬁdence limits: 31.78–72.57 percent, data
not shown).
3.1.3. Artemia salina acute toxicity test (24 h)
In the acute toxicity test with A. salina no immobilisation/
mortality was recorded in any control or PDMS_BN and (Si11-
AF14)_BN coatings at maximum leachates concentration (100
percent), indicating absence of acute toxicity. By contrast, Cu-
based leachates showed a mean mortality rate of 26.66 percent
(data not shown) and subsequently samples were submitted to a
full test; the full test exhibited a mortality rate of 19.86 percent at
higher leachate concentration and an EC20/50 value could not be
estimated (EC204100 percent, absence of acute toxicity).
PDMS_Sn and (Si11-AF14)_Sn leachates showed the highest
degree of toxicity with mean EC50 values of 62.43 and 81 percent,
respectively (Table 3).
No mortality was detected in A. salina exposed to all pre-
leachates (1 h).
3.1.4. Sparus aurata: acute toxicity test (96 h)
In the screening (100 percent leachate concentration) acute
toxicity test with S. aurata mortality did not exceed ten percent in
controls (0 percent mortality), PDMS_BN (3.3 percent mortality),
PDMS_Sn (6.6 percent mortality), (Si11-AF14)_BN (zero percent
mortality) and (Si11-AF14)_Sn (6.6 percent mortality). These
results indicated absence of acute toxicity and ﬁsh were not
submitted to the full test by the use of serial leachate-dilutions.
Cu-based leachates showed a mortality rate of 96.6 percent
(screening test) and an EC50 value of 28.01 percent (95 percent
conﬁdence limits¼23.09–34.06 per cent).
No mortality was detected in S. aurata exposed to all pre-
leachates (1 h).
4. Discussion
With the aim to develop practical coatings potentially applic-
able to combat biofouling, we prepared PDMS-based three layer
ﬁlms containing 10 wt% ﬂuorinated copolymer (Si11-AF14) in the
top layer. In fact, examples have been reported on the promising
fouling release properties of siloxane coatings containing a ﬂuori-
nated additive, capable of imparting the desired surface properties
(chemical composition, topography and morphology) to the elas-
tomeric siloxane system (Marabotti et al., 2009; Martinelli et al.,
2012b). The PDMS ﬁlms containing the copolymer were cross-
linked by using bismuth- and tin-catalysts and subjected to the
same ecotoxicological assessment, in order to establish possible
correlation between the toxicity effects of the coatings and the
inclusion of the copolymer. Bismuth neodecanoate was chosen as a
condensation curing catalyst to replace the more commonly used
dibutyltin diacetate, which is under scrutiny as most of organotin
catalysts. The results showed that leachates of the bismuth-
catalysed ﬁlms, whether with or without added block copolymer,
exhibited no toxic effects against any of the tested organisms. By
contrast, PDMS_Sn and (Si11-AF14)_Sn, as well as a Cu-based
commercial antifouling paint taken as reference, leached sub-
stances that had a severe negative impact on at least two of the
tested organisms. In particular, the Cu-based paint showed high
toxicity toward V. ﬁscheri, D. tertiolecta and S. aurata, but a low
toxicity toward A. salina, as expected. Previous papers described a
certain degree of resistance of A. salina to copper with respect to
other crustaceans like barnacles (Elminius modestus) and copepods
(Acartia clausi) (Corner and Sparrow, 1956). Low bioavailability and
reduced bioavailability of copper at physiological pH was observed
(Blust et al., 1991) in another genus of Artemia (A. franciscana).
However, recent papers (Castritsi-Catharios et al., 2007) indicate A.
salina as a model organism for screening of antifouling paints. It is
noteworthy that lethality is usually a less sensitive end-point
compared with sub-lethal effects such as inhibition of biolumi-
nescence/growth for different class of contaminants, as reported
by Candolﬁ et al. (1999) and Sweet and Meier (1997).
Our experiments on inhibition of bacterial bioluminescence
and crustacean mortality highlighted an increased level of toxicity
of tin-catalysed matrices in comparison with the corresponding
bismuth-catalysed coatings. The effect of organotin on aquatic
biota, in particular referred to tributyltin (TBT) and its metabolite
dibutyltin (DBT) in antifouling biocide-based coatings, has been
extensively studied. As reported by several authors, toxic effects
(both acute and chronic) of organotin compounds were detected
in ﬁsh, crustaceans, bacteria and unicellular algae (Canadian
environmental quality guidelines, 1999; Gadd, 2000; Macken
et al., 2008; Kungolos et al., 2004; Hadjispyrou et al., 2001).
However, all these studies were performed with pure chemicals
and there are only a few available studies on organotin ecotox-
icological assessment in leaching conditions such those of our
tests herein. Ozretić et al. (1998) observed a high rate of abnorm-
alities in sea urchin (Paracentrotus lividus) embryos exposed to
TBT-based paint leachates. The most vulnerable stages were
swimming blastulae immediately following hatching and toxic
effects were measured a few hours later and the EC50 values were
the lowest: 0.6–4.0 μg TBT leachate and 2.0 μg TBTO (TBT oxide)/L.
The lowest concentration of TBTO that did not produce harmful
effects on sea urchin development was calculated to be 0.8 μg/L
(Ozretić et al., 1998). On the other hand, our results about ﬁsh
acute toxicity indicates the absence of toxicity of all the tested
leachates, except for Cu-based leachates. Regarding the hypothesis
of tin-derivatives release in PDMS_Sn and (Si11-AF14)_Sn lea-
chates, results agree with literature information indicating that
tin-derivatives such as ions, tin tetrachloride and TBT exhibit a low
degree of acute toxicity in different ﬁsh species (Taylor et al., 1985;
Table 2
EC50 values (percent inhibition of bioluminescence) of V. ﬁscheri exposed to
14-days leachates. Tests run in triplicate at six concentrations starting from 90
percent leachate dilution (serial dilution factor¼2; incubation time¼15 min). CL,
conﬁdence limits; CV, coefﬁcient of variation.
Coating Mean EC50 95 Percent CL CV percent
Cu-based 7.7 7.18–8.24 3
PDMS_Sn 19.21 14.97–24.24 9
(Si11-AF14)_Sn 25.18 21.49–25.59 6
Table 3
EC50 values (percent immobilisation/mortality) of A. salina exposed to 14-days
coating leachates. Tests run in triplicate at ﬁve concentrations starting from 100
percent leachate (serial dilution factor¼2; time of exposure¼24 h). CL, conﬁdence
limits; CV, coefﬁcient of variation.
Coating Mean EC50 95 Percent CL CV percent
PDMS_Sn 62.43 40.04–84.81 14.44
(Si11-AF14)_Sn 81.00 46.09–115.09 17.35
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Bushong et al., 1988); this degree of acute toxicity is much lower
than that observed in invertebrates (Taylor et al., 1985; Bushong
et al., 1988). However, the observed acute toxicity in Cu-based
leachates ﬁts with experimental data given by Grosell et al. (2007),
showing high level of copper (CuSO4) toxicity in Fundulus hetero-
clitus, especially at early life stages.
In our case the inclusion of DBTDA in the PDMS matrices has
not a biocidal purpose but simply a catalytic role and its concen-
tration was generally kept low. However, despite the expected low
concentrations in leachates, we observed high toxicity to V. ﬁscheri
and A. salina. Such low concentrations could promote an hormetic
effect on the microalga D. tertiolecta, as reported by Yoo et al.
(2007) in the marine microalga Tetraselmis suecica where the
growth increased by thirteen percent at a low concentration
(0.25 μg/mL) of TBT chloride. As a consequence tin-catalysed
coatings should be leached for long periods of time, prior to test.
In previous studies, tin-catalysed coatings turned out to be very
effective in settlement/removal assays against sporelings of Ulva
linza and cyprids/adults of Balanus amphitrite when no longer
toxicity was detected after leaching for several months (Martinelli
et al., 2012b).
5. Conclusions
Bismuth neodecanoate was an effective catalyst for the condensa-
tion curing of PDMS coatings that exhibited no toxicity against
V. ﬁscheri, D. tertiolecta, A. salina and S. aurata, while dibutyltin
diacetate, even if effective catalyst, showed toxicity toward V. ﬁscheri
and A. salina.
This encourages further exploitation of this catalyst and sug-
gests that it may represent an eco-sustainable alternative to
dibutyltin diacetate for the preparation of PDMS coatings incor-
porating a surface-active polymer to combat marine biofouling.
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A comparison between different fouling-release elastomer coatings containing surface-active
polymers
B.R. Yasania, E. Martinellia*, G. Gallia, A. Glisentib, S. Mieszkinc, M.E. Callowc and J.A. Callowc
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Chimiche Università di Padova, Padova, Italy; cSchool of Biosciences, University of Birmingham, Birmingham, UK
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Surface-active polymers derived from styrene monomers containing siloxane (S), ﬂuoroalkyl (F) and/or ethoxylated (E)
side chains were blended with an elastomer matrix, either poly(dimethyl siloxane) (PDMS) or a poly(styrene-b-
10 (ethylene-co-butylene)-b-styrene) (SEBS), and spray-coated on top of PDMS or SEBS preformed ﬁlms. By contact angle
and X-ray photoelectron spectroscopy measurements, it was found that the surface-active polymer preferentially
populated the outermost layers of the coating, despite its low content in the blend. However, the self-segregation process
and the response to the external environment strongly depended on both the chemistry of the polymer and the type of
matrix used for the blend. Additionally, mechanical testing showed that the elastic modulus of SEBS-based coatings was
15 one order of magnitude higher than that of the corresponding PDMS-based coatings. The coatings were subjected to
laboratory bioassays with the marine alga Ulva linza. PDMS-based coatings had superior fouling-release properties
compared to the SEBS-based coatings.
Keywords: antifouling coatings; fouling-release coatings; amphiphilic polymers; ﬁlms; surface tension; mechanical
properties
20 Introduction
Biofouling is a worldwide problem that imposes a major
economic burden on maritime industries (Schultz et al.
2011; Fitridge et al. 2012). Biocide-containing
antifouling (AF) paints are effective in combating
25 biofouling, but their use is becoming more restricted
because of potential toxicity to marine environment
(Omae 2003; Yebra et al. 2004; Sonak et al. 2009;
Thomas & Brooks 2010). Accordingly, in recent years a
more environmentally friendly approach is being pursued
30 by replacing traditional biocidal coatings with AF
coatings that prevent the settlement (attachment) of the
colonizing stages of fouling organisms and/or
fouling-release (FR) coatings that reduce the adhesion of
organisms so that they are removed by hydrodynamic
35 forces such as those generated as a ship moves through
the water (Lejars et al. 2012). From the many types of
novel AF/FR coatings explored, recent advances include
amphiphilic polymer systems (Krishnann et al. 2006;
Dimitriou et al. 2011; Martinelli, Suffredini, et al. 2011;
40 Wang, Pitet, et al. 2011), phase-segregated siloxane-poly-
urethane copolymers (Majumdar et al. 2007; Sommer
et al. 2010), zwitterionic polymers (Jiang & Cao 2010)
and polymer nanocomposites (Beigbeder et al. 2008;
Carl et al. 2012). All such technologies typically exploit
45 the interactions intervening between the fouling
organisms and the speciﬁc surface features at the
nanoscale (Callow & Callow 2011). For example, it has
been shown that the AF/FR performances of coatings
containing amphiphilic copolymer systems depend on
50surface properties (Gudipati et al. 2004; Krishnann et al.
2006; Cho et al. 2011; Wang, Pitet, et al. 2011), which
for efﬁcient FR need to be combined with mechanical
properties (modulus, friction, toughness) (Brady &
Singer 2000; Kaffashi et al. 2012). The surfaces
55produced from amphiphilic copolymers, that
simultaneously exhibit both hydrophilic and hydrophobic
functionalities, have local nanoscale heterogeneities that
deter the settlement of organisms and also minimize the
intermolecular forces of interaction between
60biomolecules and substratum (Gudipati et al. 2005;
Martinelli et al. 2008; Wang, Finlay, et al. 2011). Hence,
the adhered organisms are released under appropriate
shear stresses.
Two types of elastomers widely used to prepare
65experimental AF/FR coatings from amphiphilic polymers
are poly(dimethyl siloxane) (PDMS) (Martinelli,
Suffredini, et al. 2011; Martinelli, Sarvothaman, Galli,
et al. 2012) and poly(styrene-b-(ethylene-co-butylene)-b-
styrene) (SEBS) (Krishnan et al. 2006; Martinelli et al.
702008; Weinman et al. 2009; Sundaram, Cho, Dimitriou,
Weinman, et al. 2011, Sundaram, Cho, Dimitriou, Finlay,
et al. 2011; Cho et al. 2011). Most current FR coatings
are based on PDMS elastomers. In particular, those
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containing amphiphilic copolymers (eg Intersleek® 900)
5 have been shown to have superior AF and FR properties
compared to ﬁrst generation products (eg Intersleek®
700) (Dobretsov & Thomason 2011; Evariste et al. 2012;
Sokolova et al. 2012). However, PDMS elastomers
normally present low tear strength, low adhesion to
10 substrata, and high cost. No commercial SEBS-based
coatings for FR applications have been developed at this
time. Nonetheless, SEBS thermoplastic elastomers
possess interesting properties, including toughness,
adhesion to different substrates, ease of solubility and
15 processability and low cost to make them possible
alternatives to PDMS elastomers.
In a recent paper, Martinelli, Sarvothaman, Alderighi,
et al. (2012) reported on the surface properties of PDMS
networks containing copolymers carrying amphiphilic
20 side groups and showed their AF/FR release properties
on both laboratory scale and ﬁeld trials (Martinelli,
Sarvothaman, Galli, et al. 2012). The hydrodynamic
behaviour (Atlar et al. 2013) was also shown to be
superior compared to a hydraulically smooth reference
25 surface, thus making these coatings good candidates for
practical application. On the other hand, Weinman et al.
(2009) reported on the AF/FR performance of an
amphiphilic triblock copolymer deposited on SEBS
matrices with different elastic moduli. In particular, they
30 proved that reducing the elastic modulus of the
thermoplastic elastomer to a value similar to that of
commercial PDMS coatings (RTV11 and Intersleek®
700) enhanced the release of sporelings (young plants)
of the marine macroalga Ulva linza. However, as far as
35 the authors are aware, there are no papers that focus on
the wettability, surface and mechanical properties and FR
performance of coatings produced from the same
polymers, but dispersed in or deposited on different
elastomers, namely PDMS and SEBS.
40 To gain a deeper insight into the role of these factors
on the AF/FR properties, in this work novel copolymer
and terpolymer samples characterized by different
philicity/phobicity were synthesized and blended in low
amounts with SEBS and PDMS and then deposited on
45 top of the corresponding elastomeric ﬁlm. The
amphiphilic character was tuned by a combination of the
hydrophobic poly(dimethyl siloxane), hydrophilic poly
(ethylene glycol) and hydrophobic/lipophobic
perﬂuoroalkyl stryrenic constituents in the copolymer
50 structure. The prepared coatings were investigated by
X-ray photoelectron spectroscopy (XPS) and static
contact angle measurements and their mechanical
properties were determined by tensile measurements. The
AF and FR performances were tested in laboratory
55 bioassays with the marine alga U. linza. AF performance
was determined by quantifying the number of zoospores
of U. linza that settled (attached) to the surfaces within a
standard period of time. FR performance was assessed
by measuring the ease of removal of sporelings of
60U. linza grown on the test coatings by exposure to a
calibrated shear stress.
Experimental section
Materials
4-Chloromethylstyrene, poly(ethyleneglycol monomethyl
65ether) (Mn = 550 g mol
−1), 4-vinylbenzoic acid,
1H,1H,2H,2H-perﬂuorooctanol, bismuth neodecanoate,
N,N′-dicyclohexylcarbodiimide (DCC), dimethylamino-
pyridine (DMAP) and triﬂuorotoluene (TFT) (Aldrich)
were used as received. 2,2′-Azobis-isobutyronitrile
70(AIBN) (Fluka) was recrystallized from methanol.
Dichloromethane was reﬂuxed over CaH2 for 4 h and
distilled under nitrogen. Tetrahydrofuran (THF) was
reﬂuxed over Na/K alloy for 4 h and distilled under
nitrogen. Monocarbinol-terminated poly(dimethyl
75siloxane) (PDMS-OH) (Mn = 1,000 g mol
−1), bis(silanol)-
terminated poly(dimethyl siloxane) (HO-PDMS-OH)
(Mn = 26,000 g mol
−1), poly(diethoxy siloxane) (ES40),
(3-glycidoxypropyl)trimethoxysilane (GPS) (ABCR)
were used as received. Poly(styrene-b-(ethylene-co-
80butylene)-b-styrene) (SEBS) triblock thermoplastic
elastomer (Kraton G1657M, 13 wt% polystyrene) and
SEBS grafted with 1.4–2.0 wt % maleic anhydride
(SEBS-MA, Kraton FG1901X, 13 wt% polystyrene)
were kindly provided by Kraton Polymers.
85Synthesis of the monomer poly(dimethyl siloxane)
propoxyethyl 4-vinylbenzoate (S)
For this process 1.210 g (8.17 mmol) of 4-vinylbenzoic
acid and 119 mg (0.96 mmol) of DMAP were dissolved
in 30 ml of anhydrous dichloromethane under a nitrogen
90atmosphere. The mixture was cooled to 0°C and a
solution of 2.012 g (9.75 mmol) of DCC in 30 ml of
anhydrous dichloromethane was slowly added. The
reaction mixture was stirred for 15 min at 0°C and 1 h at
room temperature. Then, a solution of 6.501 g (6.5
95mmol) of PDMS-OH in 25 ml of anhydrous
dichloromethane was slowly added. After stirring for 40
h the precipitate formed during the reaction was ﬁltered
off and the organic layer was washed with 10% Na2CO3,
5% HCl and water until neutrality and ﬁnally dried over
100magnesium sulphate. The unreacted acid was removed
by repeated recrystallizations from n-hexane at –20°C.
The solid was ﬁltered off and the solvent was removed
under vacuum to give a colourless liquid (71% yield).
1H-NMR (CDCl3, δ in ppm): 0.1 (72H, SiCH3), 0.5
105(4H, SiCH2), 0.5 (3H, CH2CH3), 1.3 (4H,
SiCH2CH2CH2), 1.6 (2H, SiCH2CH2CH2CH3), 3.5 (2H,
COOCH2CH2OCH2), 3.7 (2H, COOCH2CH2O), 4.5 (2H,
COOCH2), 5.3–5.9 (2H, CH2=), 6.7 (1H, CH=), 7.2–7.4
(4H, aromatic).
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5 FT-IR (KBr pellet, ν in cm−1): 2,961 (νCH aliphatic),
1,725 (νC=O), 1,629–1,503 (νC=C aromatic and vinyl),
1,260 (νSiCH3), 1,209–940 (νSiO and νCO), 801
(SiCH3).
Synthesis of 4-[(methoxypolyethylene glycol)
10 ethoxymethyl]styrene (E)
A mixture of 15.135 g (28 mmol) of poly(ethylene glycol
monomethyl ether) and 55 ml of aqueous sodium
hydroxide solution (50% w/w) was vigorously stirred at
room temperature for 1 h, after which 0.751 g (2 mmol)
15 of tetrabutylammonium hydrogen sulphate (TBAHS) in
45 ml of CH2Cl2 was added. Then, 4.603 g (30 mmol) of
4-chloromethylstyrene in 10 ml of dichloromethane was
added to the suspension and the reaction mixture was
stirred for 15 h at 40°C. The organic layer was separated,
20 washed several times with 5% HCl and water until neu-
trality and dried over sodium sulphate. The solvent was
removed under vacuum and the crude product was puri-
ﬁed by double elution on silica gel (230–400 mesh)
using methanol/dichloromethane (3/97 v/v) as an eluent
25 (45% yield).
1H-NMR (CDCl3, δ in ppm): 3.4 (3H, OCH3),
3.5–3.8 (44H, OCH2CH2), 4.5 (2H, PhCH2O), 5.2–5.8
(2H, CH2=), 6.7 (1H, CH=), 7.2–7.4 (4H, aromatic).
FT-IR (KBr pellet, ν in cm−1): 3,085 (νCH aromatic),
30 2,870 (νCH aliphatic), 1,629–1,458 (νC=C aromatic and
vinyl), 1,107 (νCO).
Synthesis of 4-[(2′-perﬂuorohexylethoxy)methyl]styrene
(F)
The monomer F was prepared according to a procedure
35 in the literature (Hopken & Möller 1992). The crude
product was puriﬁed by double elution on silica gel
(230–400 mesh) with hexane/ethyl acetate (30/1 v/v) as
an eluent (52% yield).
1H-NMR (CDCl3, δ in ppm): 2.4 (2H, CH2CF2), 3.8
40 (2H, OCH2), 4.6 (2H, PhCH2O), 5.3–5.8 (2H, CH2=),
6.7 (1H, CH=), 7.3–7.5 (4H, aromatic).
FT-IR (KBr pellet, ν in cm−1): 3,090–3,010 (νCH
aromatic), 2,877 (νCH aliphatic), 1,631–1,426 (νC=C
aromatic and vinyl), 1,240–1,018 (νCO and CF), 652
45 (ωCF2).
General procedure for the preparation of the
copolymers p(S-F)x/y
In a typical preparation, monomers S (1.227 g, 1.09
mmol) and F (0.181 g, 0.38 mmol), AIBN (17 mg) and
50 TFT (6 ml) were introduced into a Pyrex vial. The
solution was outgassed by ﬁve freeze-pump-thaw cycles.
The polymerization reaction was let to proceed under
stirring at 65°C for 65 h. The crude product was puriﬁed
by repeated precipitations from chloroform solutions into
55methanol (yield 59%). The copolymer contained 17 mol
% F co-units and was named p(S-F)83/17 (Mn = 16,000
g mol−1, Mw/Mn = 2.37).
1H-NMR (CDCl3, δ in ppm): 0.1 (59.76H, SiCH3),
0.5 (3.32H, SiCH2), 0.6–2.1 (10.47H, CH2CH2Si,
60SiCH2CH2CH2CH3, PhCHCH2), 2.4 (0.34H, CH2CF2),
3.2–3.9 (3.66H, COOCH2CH2OCH2, PhCH2OCH2), 4.4
(2.00H, COOCH2, PhCH2O), 6.0–8.0 (4.00H, aromatic).
19F-NMR (CDCl3/CF3COOH, δ in ppm): –5 (3F,
CF3), –38 (2F, CH2CF2), from –46 to –49 (6F, CF2), –
6551 (2F, CF2CF3).
FT-IR (KBr pellet, ν in cm−1): 2,962 (νCH aliphatic),
1,722 (νC=O), 1,646–1,503 (νC=C aromatic), 1,260
(νSiCH3), 1,210–939 (νCO, νCF, νSiO), 799 (SiCH3).
A series of p(S-F)x/y copolymers were prepared with
70varying content y of F co-units (y = 11–82 mol%) by
changing the feed ratio of the two co-monomers.
General procedure for the preparation of the
copolymers p(S-E)x/z
In a typical preparation, monomers S (1.130 g, 1.00
75mmol) and E (0.081 g, 0.12 mmol), AIBN (14 mg) and
THF (5 ml) were introduced into a Pyrex vial. The
solution was outgassed by ﬁve freeze-pump-thaw cycles.
The polymerization reaction was let to proceed under
stirring at 65°C for 65 h. The crude product was puriﬁed
80by several extractions with methanol (yield 79%). The
copolymer contained 13 mol% E co-units and was named
p(S-E)87/13 (Mn = 18,000 g mol
−1, Mw/Mn = 1.47).
1H-NMR (CDCl3, δ in ppm): 0.1 (62.64H, SiCH3),
0.5 (3.48H, SiCH2), 0.7–2.2 (10.83H, CH2CH2Si,
85SiCH2CH2CH2CH3, PhCHCH2), 3.2–4.0 (9.59H, CO-
OCH2CH2OCH2, OCH2CH2, OCH3), 4.4 (2.00H, CO-
OCH2, PhCH2O), 6.1–8.1 (4.00H, aromatic).
FT-IR (KBr pellet, ν in cm−1): 2,962 (νCH aliphatic),
1,722 (νC=O), 1,647–1,482 (νC=C aromatic), 1,261
90(νSiCH3), 1,210–939 (νCO, νSiO), 799 (SiCH3).
A series of p(S-E)x/z copolymers were prepared with
varying content z of E co-units (z = 13–43 mol%) by
changing the feed ratio of the two co-monomers.
General procedure for the preparation of the
95terpolymers p(S-F-E)x/y/z
In a typical preparation, monomers S (1.194 g, 1.06
mmol), F (0.256 g, 0.53 mmol) and E (0.351 g, 0.53
mmol), AIBN (21 mg) and TFT (5 ml) were introduced
into a Pyrex vial. The solution was outgassed by ﬁve
100freeze-pump-thaw cycles. The polymerization reaction
was let to proceed under stirring at 65°C for 65 h. The
crude product was puriﬁed by several extractions with
methanol (yield 83%). The copolymer contained 56, 18
and 26 mol% S, F and E co-units, respectively, and was
Biofouling 3
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5 named p(S-F-E)56/18/26 (Mn = 21,000 g mol
−1, Mw/Mn =
1.57).
1H-NMR (CDCl3, δ in ppm): 0.1 (40.32H, SiCH3),
0.5 (2.24H, SiCH2), 0.7–2.2 (8.04H, CH2CH2Si,
SiCH2CH2CH2CH3, PhCHCH2), 2.4 (0.36H, CH2CF2),
10 3.3–4.0 (14.82H, COOCH2CH2OCH2, PhCH2OCH2,
OCH2CH2, OCH3), 4.1–4.6 (2.00H, COOCH2,
PhCH2O), 6.0–8.0 (4.00H, aromatic).
19F-NMR (CDCl3/CF3COOH, δ in ppm): –5 (3F,
CF3), –38 (2F, CH2CF2), from –46 to –49 (6F, CF2), –
15 51 (2F, CF2CF3).
FT-IR (KBr pellet, ν in cm−1): 2,962 (νCH aliphatic),
1,720 (νC=O), 1,652–1,487 (νC=C aromatic), 1,261
(νSiCH3), 1,211–940 (νCO, νSiO, νCF), 800 (SiCH3).
A series of p(S-F-E)x/y/z terpolymers were prepared
20 with varying contents y of F and z of E co-units,
respectively (y = 18–46 mol%, z = 17–30 mol%), by
changing the feed ratio of the three co-monomers.
Preparation of coatings
Copolymers p(S-F)83/17 and p(S-E)87/13 and terpoly-
25 mer p(S-F-E)56/18/26 were used as surface-active ingre-
dients in either PDMS or SEBS to prepare two-layer
coatings (Figure 1).
PDMS-based coatings
Glass slides (76 × 26 mm2) were cleaned with acetone
30 and dried in an oven for 30 min. HO-PDMS-OH (5.0 g),
ES40 (0.125 g) and bismuth neodecanoate (50 mg) were
dissolved in ethyl acetate (25 ml). The solution was
spray-coated onto the glass slides using a Badger model
250 airbrush (50 psi air pressure). The ﬁlms were dried
35at room temperature for a day and annealed at 120°C for
12 h to form a thin bottom layer. A solution of the same
amounts of HO-PDMS-OH, ES40 and bismuth neode-
canoate was cast onto the bottom layer and cured at
room temperature for a day and later at 120°C for 12 h
40to form a middle layer. Subsequently, a ﬁnal top layer
was formed by spray coating a 3% (wt/v) ethyl acetate
solution of the same amounts of PDMS, ES40 and
bismuth neodecanoate blended with copolymer (7 wt%
with respect to PDMS) and curing at room temperature
45for a day and then at 120°C for 12 h (overall thickness
150–200 µm).
SEBS-based coatings
Glass slides (76 × 26 mm2) were cleaned with acetone
and dried in an oven for 30 min. Then they were kept in
50a piranha solution (H2SO4/H2O2= 7/3 v/v) at 80°C for 2
h, washed with water followed by acetone and dried in
an oven for 30 min. They were then kept overnight in a
2% (wt/v) solution of GPS in 95% ethanol (pH ~5 by
acetic acid), rinsed with ethanol and heated at 110°C
55under vacuum. A bottom layer was formed by casting a
12% (wt/v) toluene solution of SEBS-MA/SEBS (56/44
wt/wt) onto glass slides. Then, the ﬁlms were dried for
24 h and cured at 120°C for 12 h under vacuum. A top
layer was formed by spray-coating a 3% (wt/v) toluene
60solution of SEBS blended with copolymer (7 wt% with
respect to SEBS). The coatings were dried in air and
annealed at 120°C for 12 h (overall thickness 150–200
µm).
Characterization
651H-NMR and 19F-NMR spectra were recorded with a
Varian Gemini VRX300 spectrometer on CDCl3 and
CDCl3/CF3COOH solutions, respectively. Gel permeation
chromatography (GPC) analyses was carried out using a
Jasco PU–1,580 liquid chromatograph having two PL
70gel 5 µm mixed-D columns, with a Jasco 830-RI refrac-
tive index detector. CHCl3 was used as an eluent with a
ﬂow rate of 1 ml min−1 and polystyrene standards were
used for calibration.
Differential scanning calorimetry (DSC) measure-
75ments were performed with a Mettler DSC 30 instru-
ment. Samples of 10–25 mg were used with 10°Cmin−1
heating and cooling rates. Nitrogen was used as purge
gas at the ﬂow rate of 30 ml min−1. Temperature and
energy calibrations were carried out using standard sam-
80ples of tin, indium and zinc. The glass transition temper-
ature (Tg) was taken as the inﬂection temperature in the
second heating cycle.
Figure 1. Schematic representation of the PDMS- and SEBS-
based two-layer coatings. The PDMS-based coatings are com-
posed of one more layers (thickness ~ 2 µm) spray coated onto
glass, which has the same chemical composition of the PDMS
layer and is incorporated into it in this cartoon.
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Contact angles were measured by the sessile drop
method with a FTA200 Camtel goniometer, using water
5 (θw) (J. T. Baker, HPLC grade) and n-hexadecane (θh)
(Aldrich product of the highest purity available) as
wetting liquids. The measured values of θw and θh were
used to extract the surface tension (γS) of the polymer
ﬁlms recurring to the so-called Owens–Wendt–Kaelble
10 approach (Owens & Wendt 1969; Kaelble 1970). In
this approach the solid surface tension:
cS ¼ cdS þ cpS (1)
combined with the Young’s equation yields:
cLð1þ cos hÞ ¼ 2 ðcdScdLÞ
1=2 þ ðcpScpLÞ1=2
h i
(2)
15 where γS
d and γS
p are the unknown dispersion and polar
components of surface tension of the solid ﬁlm,
respectively.
Angle-resolved XPS spectra were recorded by using
a Perkin-Elmer PHI 560 spectrometer with a standard
20 Al-Kα source (1486.6 eV) operating at 350W. The work-
ing pressure was less than 10−8 Pa. The spectrometer
was calibrated by assuming the binding energy (BE) of
the Au 4f7/2 line to be 84.0 eV with respect to the Fermi
level. Extended (survey) spectra were collected in the
25 range of 0–1,350 eV (187.85 eV pass energy, 0.4 eV step,
0.05 s step−1). Detailed spectra were recorded for the fol-
lowing regions: Si (2p), C (1s), O (1s) and F (1s) (11.75
eV pass energy, 0.1 eV step, 0.1 eV s step−1). The spec-
tra were recorded at the two photoemission angles ϕ
30 (between the surface normal and the path taken by the
electrons to the detector) of 70° and 20°, corresponding
to sampling depths, d = d0cosϕ, where d0 is the maxi-
mum information depth (d0 ~10 nm for the C 1s line) of
~3 nm and ~8 nm, respectively. The standard deviation
35 (SD) in the BE values of the XPS line was 0.10 eV. The
atomic percentage, after a Shirley type background
subtraction (Shirley 1972), was evaluated using the PHI
sensitivity factors. To take into account charging
problems, the C (1s) peak was considered at 285.0 eV
40 and the peak BE differences were evaluated.
Tensile stress–strain experiments were performed at
ambient temperature on a 5,564 Instron machine.
SEBS- and PDMS-based two-layer ﬁlms were prepared
according to the procedures described above and
45 deposited on PTFE Petri dishes. Samples were cut into
microtensile test specimens and pre-conditioned for 3
days at 25°C and 50% relative humidity in a chamber
containing a saturated solution of magnesium nitrate.
Testing protocols were based on ASTM Standard
50 test D-882. Young’s modulus (E) was calculated by
drawing a tangent to the stress–strain curve at 10%
elongation. At least seven specimens for each sample
were tested.
Biological assays
55Nine coated slides of each sample were placed in a 30 l
tank of recirculating deionized water at ~20°C for 7 days.
Samples were equilibrated with ﬁltered (0.22 μm) artiﬁ-
cial seawater (ASW: Tropic Marin®) for 1 h prior to the
start of the bioassays. Zoospores were released into
60ASW from mature plants of U. linza using a standard
method (Callow et al. 1997; Thomé et al. 2012). In brief,
10 ml of a zoospore suspension, adjusted to 1 × 106
spores ml−1 with ASW, were added to each test surface
placed in individual compartments of Quadriperm dishes
65(Greiner One), which were placed in darkness at room
temperature. After 45 min, the slides were washed in ﬁl-
tered ASW to remove unsettled (unattached) zoospores.
Three replicate slides of each sample were ﬁxed in 2.5%
glutaraldehyde in ASW then washed sequentially in ﬁl-
70tered ASW, 50% ﬁltered ASW/50% deionized water and
deionized water and allowed to air-dry overnight. The
density of adhered spores was determined by autoﬂuores-
cence of chlorophyll using an AxioVision 4 image analy-
sis system attached to a Zeiss ﬂuorescence microscope
75(20 × objective; excitation 546 nm, emission 590 nm).
The reported data are the average of 90 counts, 30
counts from each of the three replicate slides (each 0.15
mm2). The resulting error bars show 95% conﬁdence
limits.
80The six remaining slides of each sample were used
to cultivate sporelings (young plants) of U. linza. Ten
millilitres of nutrient enriched ASW (Starr & Zeikus
1987) were added to each compartment of the Quadri-
perm dishes, which were incubated at 18°C for 7 days
85with a 16 h:8 h light:dark cycle and an irradiance of
40 μmol m−2 s−1. The biomass of sporelings was deter-
mined in situ by measuring the ﬂuorescence of the chlo-
rophyll contained within the cells with a ﬂuorescence
plate reader (Tecan Genios Plus). The biomass was quan-
90tiﬁed in terms of relative ﬂuorescence units (RFU)
(Mieszkin et al. 2012).
The strength of attachment of sporelings was deter-
mined using a calibrated ﬂow channel (Schultz et al.
2000, 2003) in which the slides were exposed to a wall
95shear stress of 52 Pa. The percentage removal was calcu-
lated from readings taken before and after exposure to
ﬂow, with 95% conﬁdence limits calculated from arc-
sine-transformed data. Differences between surfaces were
tested using one-way ANOVA followed by Tukey’s test
100for pairwise comparisons as described in Mieszkin et al.
(2012).
Results
Synthesis of the polymers
A novel styrene monomer carrying a hydrophobic poly
105(dimethyl siloxane) chain (S) was prepared by the esteri-
AQ9
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ﬁcation reaction of 4-vinylbenzoic acid with mono-
carbinol terminated poly(dimethyl siloxane) (Figure 2).
The hydrophobic/lipophobic ﬂuorinated monomer (F)
was synthesized by a phase transfer catalysed etheriﬁca-
5 tion reaction (Hopken & Moller 1992) of 4-chlorometh-
ylstyrene with 1H,1H,2H,2H-perﬂuorooctanol (Figure 2).
The styrene monomer containing a hydrophilic
polyethylene glycol chain (E) was also synthesized in
the same way to that of F (Figure 2).
10Monomer S was alternatively polymerized with
monomers F and E to produce two sets of copolymers
with mixed side chains named as p(S-F)x/y and p(S-E)x/
z, with different mole percentages (x, y and z) of each
repeating co-unit (Figure 3). Moreover, in order to
15combine the properties of the hydrophobic/lipophobic
monomer F with those of the hydrophilic monomer E,
terpolymers were also prepared, named p(S-F-E)x/y/z,
where x, y and z are the mole percentages of the three
components, respectively (Figure 3). The formation of
20copolymers and terpolymers was conﬁrmed by 1H-NMR,
19F-NMR and FT-IR spectroscopies and GPC analyses.
Their chemical composition was evaluated from the
integrated areas of the 1H-NMR signals at 0.5 ppm
(SiCH2 of S), 2.4 ppm (CH2CF2 of F) and 4.1–4.6 ppm
25(COOCH2 of S and PhCH2O of F and E). Full character-
ization data of the polymers prepared are given in the
Supplementary Information [Supplementary material is
available via a multimedia link on the online article
webpage].
30DSC analyses revealed that each set of polymers
displayed a thermal behaviour that depended on both the
chemistry and composition of the polymer. All the
Figure 2. Synthesis of the monomers S, E and F.
Figure 3. Synthesis of the copolymers p(S-F)x/y and p(S-E)x/z and terpolymers p(S-F-E)x/y/z.
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copolymers p(S-F)x/y were amorphous and showed a
glass transition temperature (Tg) at around –125°C,
5 which correlated well with that of the siloxane homopol-
ymer (Tg = –123°C). On the other hand, a Tg attributable
to the ﬂuorinated co-units was detected only for the
copolymer p(S-F)18/82 (Tg = 12°C), richer in ﬂuorine
content. Similarly, the copolymers p(S-E)x/z showed a
10 Tg at –124°C due to the siloxane moieties, whereas a Tg
associated with the ethoxylated component (Tg ~ –65°C)
was detected when the percentage of E was higher than
13 mol%. Terpolymers p(S-F-E)x/y/z behaved as copoly-
mers p(S-E)x/y, exhibiting the Tg of both siloxane and
15 ethoxylated co-units. However, it was not possible to
record the glass transition of the ﬂuorinated component.
Various types of polymers carrying ﬂuoroalkyl side
chains have been shown to self-assemble in liquid crystal
mesophases (Busch et al. 2007; Martinelli et al. 2009,
20 Martinelli, Galli, et al. 2011). There was no evidence of
the onset of a thermotropic mesophase in any p(S-F)x/y
or p(S-F-E)x/y/z polymers.
Out of the different polymers prepared, copolymers p
(S-F)83/17 and p(S-E)87/13 and terpolymer p(S-F-E)56/
25 18/26 were selected as surface-active, amorphous poly-
mers for ﬁlm preparation since they contained compara-
ble contents of F and E co-units.
Preparation of coatings
SEBS- and PDMS-based coatings were prepared accord-
30 ing to procedures reported in the literature (Martinelli
et al. 2008; Pretti et al. 2013). In both types of coatings,
a thin layer (~ 2 µm) of the surface-active polymer
blended with the matrix (PDMS or SEBS at 93 wt%)
was spray-coated on a thicker bottom layer of the matrix
35 itself (150–200 µm). According to this procedure, the
surface-active polymer was physically dispersed within
the matrix and its migration to the surface was facilitated
by annealing the test slides at 120°C for 12 h. The coat-
ings appeared homogeneous and transparent with no
40 macrophase separation detected by optical microscopy or
atomic force microscope analyses. In the PDMS-based
coatings the polymer was incorporated into a kind of
semi-interpenetrating cross-linked PDMS network. This
also avoided polymer leaching in water (Marabotti et al.
45 2009). Moreover, delamination of the coating during
underwater evaluations was prevented by ﬁrm anchorage
of the polymer coating to the glass surface that had been
previously modiﬁed by deposition of a thin layer (~ 2
µm) of cross-linked PDMS or functionalization with
50 reactive glycidyl groups for covalent bonding to the
maleic anhydride residues of SEBS matrix. SEBS and
SEBS-MA elastomers were chosen with a low content of
polystyrene (13 wt%) in order to obtain a lowest elastic
modulus matrix.
55Mechanical properties of the coatings
Stress (σ)–strain (ε) mechanical tests were performed to
evaluate the tensile properties of the coatings. SEBS,
PDMS and their two-layer coatings containing 7 wt% p
(S-E)87/13 in the top layer were investigated. Typical
60σ–ε curves of p(S-E)87/13_SEBS and p(S-E)87/
13_PDMS are plotted in Figure 4. The different trend of
the curves was indicative of the different mechanical
behaviour of the two elastomers, being the PDMS-based
coatings characterized by lower values of stress at break
65and elongation at break than SEBS-based coatings
(Table 1). Moreover, the value of elastic modulus (E)
evaluated for PDMS (E = 0.13 ± 0.06MPa) was one
order of magnitude lower than that for SEBS (E = 3.94 ±
0.34MPa). There was no signiﬁcant change in modulus
70for coatings containing the copolymer, being E = 0.23 ±
0.14MPa for p(S-E)87/13_PDMS and E = 2.35 ± 0.65
MPa for p(S-E)87/13_SEBS. Thus, the deposition of a
2 μm layer of a matrix/copolymer blend (93/7 wt/wt) on
a 150–200 µm thick sample of matrix material did not
75affect the bulk mechanical properties of the free standing
polymer ﬁlms. This ﬁnding supports previous results for
ﬁlms prepared by direct incorporation of the copolymer
in a thicker layer of polymer matrix (Marabotti et al.
2009).
Figure 4. Stress–strain curves for p(S-E)87/13_SEBS (a) and
p(S-E)87/13_PDMS (b).
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5 Static contact angle and surface tension of the coatings
The static contact angles of PDMS and SEBS matrices,
their respective coatings and pristine polymers were
determined using two wetting liquids, water and n-hexa-
decane (Table 2).
10 SEBS-based coatings were found to be hydrophobic
(θw ≥ 102 ) and partially lipophobic (θh ≥ 38 ). The inclu-
sion of the ﬂuorinated copolymer in the top layer espe-
cially affected the lipophobic character of the coatings,
with θh larger than that of SEBS. This result is in agree-
15 ment with previous data for amphiphilic SEBS ﬁlms
(Martinelli et al. 2008). On the other hand, θw was gen-
erally similar to that of the SEBS matrix and higher only
in the case of p(Si-F)83/17_SEBS with a large mole per-
centage of F units. PDMS-based coatings exhibited large
20 contact angles with water (θw ≥ 105 ). The contact angles
with n-hexadecane were generally low (θh ≤ 40 ) and
tended to decrease with time as a consequence of the
greater lipophilicity of the matrix and the copolymer.
To extract solid surface tension values from the
25 experimental θ values, Equation 2 was used after the
Owens–Wendt–Kaelble approach. The surface tensions
γS calculated for the coatings, the respective copolymers
and the SEBS and PDMS controls are also presented in
Table 2. Despite their partial lipophobicity, SEBS-based
30coatings displayed substantially lower surface energies
(18.9 mNm−1≤ γS≤ 22.7 mNm
−1) than that of the matrix
(25.4 mNm−1). This suggests that the surface-active
copolymer was segregated at the polymer–air interface,
driven there by the lowest surface energy component,
35whether F or S. This behaviour was more marked for
coatings containing the ﬂuorinated copolymer, for which
the γS values slightly decreased with increasing F con-
tent. PDMS-based coatings displayed a more complex
behaviour and a trend of γS with copolymer composition
40was not observed, even though the γS values still
accounted for ﬁlms with a low surface energy (21.8 mN
m−1 ≤ γS ≤ 24.7 mNm
−1) very similar to that of the
PDMS control (γS = 23.3 mNm
−1). In any case, the dis-
persion component of γS provided a predominant contri-
45bution (γS
d ≥ 18.6 mNm−1), with the polar component
being generally minimal (γS
p ≤ 1.3 mNm−1), and extre-
mely low for PDMS-based coatings (γS
p ≤ 0.3 mNm−1).
This behaviour is typical of low surface tension, apolar
polymer surfaces.
50Surface composition of the coatings
Atomic surface compositions for the coatings were
determined at two photoemission angles ϕ of 70° and
20° by angle-resolved XPS. Experimental data are
summarized in Tables 3 and 4, where they are also com-
55pared with the theoretical values for the respective parent
polymers and blends. SEBS-based coatings containing
the F component showed a surface enriched in ﬂuorine
(4.9% for p(S-F)83/17_SEBS and 13.0% for p(S-F-E)56/
18/26_SEBS at ϕ= 70 ) compared to the theoretical
60percentages calculated for the corresponding polymers
Table 1. Tensile test results for PDMS- and SEBS-based coat-
ings and the corresponding matrices.
Coating Ea (MPa) σmax
b (MPa) εmax
c (%)
SEBS 3.94 ± 0.34 5.93 ± 0.82 930 ± 67
p(S-E)87/13_SEBS 2.35 ± 0.65 7.46 ± 2.07 1,040 ± 53
PDMS 0.13 ± 0.06 0.20 ± 0.05 201 ± 98
p(S-E)87/13_PDMS 0.23 ± 0.14 0.32 ± 0.05 115 ± 33
aElastic modulus calculated as the tangent to the curve at 10%
elongation.
bMaximum stress at break.
cMaximum elongation at break.
Table 2. Contact angles and surface tensions for PDMS- and SEBS-based coatings and the corresponding neat copolymers and
matrices.
Coating θw
a (°) θh
a (°) γS
d b (mN m−1) γS
p b (mN m−1) γS
b (mN m−1)
SEBS 102 ± 2 26 ± 1 24.8 0.6 25.4
p(S-F)83/17_SEBS 110 ± 1 50 ± 2 18.6 0.3 18.9
p(S-E)87/13_SEBS 103 ± 1 38 ± 2 21.9 0.8 22.7
p(S-F-E)56/18/26_SEBS 102 ± 1 48 ± 1 19.3 1.3 20.6
PDMS 110 ± 1 33 ± 2c 23.3 0.0 23.3
p(S-F)83/17_PDMS 105 ± 1 29 ± 1c 24.4 0.3 24.7
p(S-E)87/13_PDMS 109 ± 1 40 ± 1c 21.6 0.2 21.8
p(S-F-E)56/18/26_PDMS 109 ± 1 39 ± 1c 22.0 0.1 22.1
p(S-F)83/17d 104 ± 1 ~ 0e ndf ndf ndf
p(S-E)87/13d 100 ± 1 ~ 0e ndf ndf ndf
p(S-F-E)56/18/26d 109 ± 1 ~ 0e ndf ndf ndf
aMeasured with water and n-hexadecane.
bCalculated with the Owens–Wendt–Kaelble method: γS
d dispersion component, γS
p polar component.
cNot accurate, decreasing with time.
dFilms prepared by spin-coating a 3% (wt/v) solution in toluene (or TFT) and evaporated at room temperature for 12 h and at 120°C for 12 h.
eNot accurate, because of wetting.
fNot determined.
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(~ 4%) on the basis of their stoichiometric composition.
Besides ﬂuorine, the surfaces contained carbon, oxygen
and silicon, indicating that the F, E and S co-units of the
amphiphilic copolymer simultaneously populated the sur-
5 face. In particular, the surfaces were enriched in oxygen,
while silicon and carbon contents were lower with
respect to the theoretical composition. Similarly, the sur-
face of PDMS-based coatings containing F co-units was
enriched in ﬂuorine and its atomic percentage changed
10 with ϕ, consistent with a composition gradient along the
polymer surface normal. The ﬂuorine percentage
decreased with increasing sampling depth (eg it passed
from 10.0% to 4.5% in going from ϕ = 70 to ϕ = 20 for
p(S-F-E)56/18/26_PDMS). Moreover, the oxygen and
15 silicon percentages were larger than and similar to the
theoretical values, respectively, conﬁrming the selective
segregation of the polymer at the polymer–air interface.
Notably, the experimental values of ﬂuorine in F co-unit
containing surfaces and of oxygen in E co-unit contain-
20 ing surfaces were greater than those evaluated for the
respective copolymers and blends, regardless of the poly-
mer matrix used.
An angle-resolved XPS analysis was also carried out
on the coatings after immersion in water for 7 days, with
25 the aim of ascertaining whether the surface of the coat-
ings could undergo surface reconstruction. The surface
composition of the coatings after immersion is expected
to be that corresponding to a kinetically trapped
condition, rather than the equilibrium state when in
30contact with water. The XPS spectra of the surface after
immersion can, therefore, be considered indicative of the
chemical composition when the surface is in contact with
water. The elemental analysis showed that composition
varied with ϕ and the ﬂuorine atomic percentage
35followed the same trend discussed for the surfaces before
immersion in water. For SEBS-based coatings, it was
found that the composition of the surface changed only
slightly after immersion in water. A similar behaviour
was also shown by the ﬂuorine-free p(S-E)87/13_PDMS
40coating. By contrast, PDMS coatings containing a ﬂuori-
nated polymer displayed a more marked reconstruction
after immersion in water with a signiﬁcant decrease in
ﬂuorine content (eg from 10.0% before immersion to
4.9% after immersion, at ϕ = 70 for p(S-F-E)56/18/
4526_PDMS).
Settlement of zoospores of U. linza
The mean density of spores settled (attached) on the test
surfaces is shown in Figure 5. All the PDMS-based coat-
ings had a lower density of spores than the PDMS con-
50trol, although p(S-F)83/17_PDMS was not signiﬁcantly
different to the PDMS control (p > 0.05). Settlement was
typically lower on the SEBS-based coatings than on the
PDMS coatings. All the SEBS-based coatings had a
higher density of spores than the SEBS control, but a
55signiﬁcant difference was only observed for the sample p
(S-E)87/13_SEBS (p< 0.05).
Table 3. Experimental XPS atomic composition of the PDMS- and SEBS-based coatings before and after immersion in water for 7
days at different photoemission angles ϕ and the theoretical atomic compositions of the blendsa and the respective pristine polymersb–d.
Coating ϕ (°)
Before immersion After immersion
C (%) F (%) O (%) Si C (%) F (%) O (%) Si (%)
p(S-F)83/17_SEBSb 70 56.4 4.9 24.5 14.2 55.6 4.3 25.3 14.8
20 61.6 3.8 22.5 12.2 62.3 3.7 22.5 11.5
Theor.a 98.5 0.2 0.7 0.6
p(S-E)87/13_SEBSc 70 60.8 0 25.7 13.5 61.6 0.0 25.2 13.2
20 75.3 0 24.1 0.6 67.1 0.0 21.9 11.0
Theor.a 98.6 0 0.8 0.6
p(S-F-E)56/18/26_SEBSd 70 54.8 13.0 24.1 8.0 57.8 12.7 20.2 9.3
20 69.4 9.2 15.3 6.1 68.9 7.8 16.7 6.6
Theor.a 98.6 0.2 0.8 0.4
p(S-F)83/17_PDMSb 70 48.1 10.6 26.8 14.5 53.2 1.3 29.3 16.2
20 50.1 6.8 28.2 14.8 51.4 1.0 29.0 18.6
Theor.a 50.8 0.3 24.6 24.3
p(S-E)87/13_PDMSc 70 52.7 0 30.4 16.9 50.3 0.0 31.1 18.6
20 51.7 0 29.6 18.7 53.2 0.0 29.3 17.5
Theor.a 50.9 0 24.7 24.4
p(S-F-E)56/18/26_PDMSd 70 48.0 10.0 26.6 15.4 53.1 4.9 26.7 15.3
20 50.7 4.5 28.0 16.8 52.4 1.9 28.4 17.3
Theor.a 51.0 0.4 24.6 24
aTheoretical composition of the blends. The chemical composition of SEBS used for calculation was 13 wt% S and 87 wt% EB (50/50 wt% E/B).
bTheoretical composition of copolymer p(S-F)83/17: 61% carbon, 4% ﬂuorine, 19% oxygen, 16% silicon.
cTheoretical composition of copolymer p(S-E)87/13: 63% carbon, 21% oxygen, 16% silicon.
dTheoretical composition of terpolymer p(S-F-E)56/18/26: 64% carbon, 4% ﬂuorine, 20% oxygen, 12% silicon.
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Attachment strength of sporelings of U. linza
The settled spores germinated and grew well on all coat-
ings and after 7 days a green lawn of sporelings covered
5 all of the surfaces, including those that had a lower ini-
tial density of settled spores. Sporeling biomass data are
shown in the Supplementary information. The mean per-
centage of biomass removed after exposure to a wall
shear stress of 52 Pa is shown in Figure 6. The percent-
10 age removal from all of the PDMS-based coatings was
higher than that from the PDMS control. Notably, the
amphiphilic coatings p(S-E)87/13_PDMS and p(S-F-E)
87/13_PDMS showed > 70% removal, and were signiﬁ-
cantly different (P < 0.05) to the PDMS control, which
15 only had < 20% of the biomass removed. By contrast, all
of the SEBS-based coatings showed poor release of spor-
elings, all having lower percentage removal (5.9% to
15.5%) than the SEBS control (28.3%).
Discussion
20 Novel amphiphilic copolymer and terpolymer samples (p
(S-F)83/17, p(S-E)87/13 and p(S-F-E)56/18/26) were
synthesized and used for the preparation of SEBS- and
PDMS-based coatings, in order to compare the bulk
mechanical, surface and biological properties of the coat-
25 ings based on the two elastomer matrices. The polymers
were designed to have at least a constituent capable of
acting as compatibilizer between the polymer and the
matrix. For this reason, a novel styrene monomer
carrying a siloxane side chain (S) was synthesized and
30 copolymerized with a ﬂuoroalkyl (F) and/or an
ethoxylated (E) styrene monomer. The polystyrene main
backbone and the relatively long polysiloxane side
chains were anticipated to favour the dispersion of the
polymer in both matrices. In no case was macroscopic
35phase separation detected of any copolymer from either
matrix. Moreover, the simultaneous presence of the S, F
and/or E side chains allowed the hydrophobic/
hydrophilic balance of the ﬁnal amphiphilic polymer to
be easily tuned.
40The elastomeric character of the SEBS-based coat-
ings was inherent in the physically cross-linked structure
of the block copolymer matrix. Elastomeric PDMS-based
coatings were chemically cross-linked by a condensation
curing reaction of the PDMS matrix that required a metal
45catalyst to occur. Unlike previous work (Martinelli,
Sarvothaman, Galli et al. 2012), the catalyst of choice
was here bismuth neodecanoate. It has been shown that
such bismuth-catalysed PDMS coatings are not toxic in
laboratory assays against several marine species (Pretti
50et al. 2013).
For a better comparison of the coating systems, two
sets of ﬁlms were prepared according to the same two-
layer geometry which consisted of a thin top layer of a
blend between the polymer (7 wt%) and the matrix
55(SEBS or PDMS) deposited on a thicker bottom layer of
the matrix alone. This strategy is widely used for
SEBS-based coatings, even though the content of the
copolymer incorporated in the top layer was much higher
(90–100 wt%) (Krishnan et al 2006; Martinelli et al.
602008; Weinman et al. 2009; Cho et al. 2011). By con-
trast, this approach is essentially new for the preparation
of PDMS-based coatings, for which a one-layer strategy
is generally reported consisting of the dispersion of a
Figure 5. Mean number of Ulva linza spores mm−2 attached
to PDMS- and SEBS-based coatings and their respective con-
trols after settlement for 45 min. Each value is the mean from
90 counts on three replicates. Error bars show 95% conﬁdence
limits.
Figure 6. Percentage removal of sporelings of U. linza from
each PDMS- and SEBS-based coatings and their respective
controls after exposure to a wall shear stress of 52 Pa for 5
min. Each value represents the mean removal of biomass on
six replicates. Error bars represent 95% conﬁdence limits and
were calculated from arcsine-transformed data.
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polymer in a thick elastomer layer (Martinelli, Suffredini,
5 et al. 2011; Martinelli, Sarvothaman, Galli, et al. 2012).
However, segregation of the surface-active polymer is
expected to be facilitated in a thin top layer of a two-
layer coating, even when a lowest surface energy ﬂuori-
nated component is replaced by a comparatively high
10 surface energy component, eg the siloxane side chain in
p(S-E)87/13. This geometry allowed the independent
control of the bulk thickness and elastic modulus proper-
ties on one hand, and the surface and interface properties
on the other hand, with the use of a low amount of a
15 surface-active polymer. It is widely stated that bioadhe-
sion of hard fouling organisms is proportional to (Eγ)1/2,
where E and γ are the elastic modulus and the surface
tension of the coating, respectively (Brady & Singer
2000). In particular, low adhesion corresponds to low
20 elastic modulus because the mobility of the low modulus
surface allows the bioadhesive to slip during interfacial
failure (Brady 1999). The elastic modulus was also
shown to play an important role in the detachment of
U. linza sporelings at a 55 Pa shear stress from PDMS
25 coatings. A removal of 80% of sporelings was achieved
for low modulus (E = 0.2 and 0.8 MPa) coatings, whereas
almost no release was observed for the highest modulus
(E = 9.4 MPa) coating tested (Chaudhury et al. 2005).
Furthermore, the removal of sporelings was signiﬁcantly
30 reduced at E = 2.7 MPa. Thus, it would be expected that
the modulus recorded for SEBS-based coatings (E = 2.3-
3.9 MPa) in the present study would only permit a low
release. The thickness of the coating is another important
parameter in release of foulers (Brady & Singer 2000).
35 Chaudhury et al. (2005) also demonstrated that removal
of sporelings of U. linza was signiﬁcantly improved for
a coating of 100 µm or higher compared to 16 μm. Fol-
lowing this rationale, elastomeric ﬁlms were prepared
with an overall thickness of 150-200 µm. Moreover,
40 SEBS-based coatings as well as PDMS-based coatings
exhibited generally low surface tensions (18.9 mNm−1 ≤
γS ≤ 24.7 mNm
−1), due to the migration of the lower
surface energy component (S or F) to the polymer air–
interface. In particular, XPS analysis of the blend coat-
45 ings containing any surface-active polymers revealed that
their surface was greatly enriched in ﬂuorine and oxygen
contents, with these being even higher than the theoreti-
cal values calculated for the blends and respective parent
polymers. Such enrichment was especially signiﬁcant for
50 the F co-unit containing coatings. Possibly the surface-
active polymer saturated the outer layers and its surface
tension dictated the surface energy behaviour of the coat-
ing. The two sets of coatings differed in surface chemical
composition, due to a different effectiveness in the sur-
55 face segregation of the polymers from the matrix. This
may be reﬂected in their different response to the exter-
nal environment. While the chemical composition of
SEBS-based coatings remained essentially stable after
immersion in water for 7 days, the PDMS-based
60coatings, especially those containing either ﬂuorinated
polymer, changed, there being a signiﬁcant reduction in
ﬂuorine content. This suggests a more marked amphi-
philic nature of the latter coatings.
In general, SEBS-based and PDMS-based coatings
65showed different biological properties against the macro-
alga U. linza. Speciﬁcally, all the PDMS-based ﬁlms
reduced the density of settled spores compared to the
PDMS control and coatings containing ethoxylated units
were more effective than those with ﬂuorinated units.
70This ﬁnding is in agreement with previous results, which
showed that experimental coatings containing ethoxylat-
ed chains inhibited spore settlement (Krishnan et al.
2006; Wang, Pitet et al. 2011). SEBS ﬁlms exhibited
lower spore settlement compared to PDMS coatings,
75which is consistent with the observation that high densi-
ties of spores generally settle on PDMS elastomers (Ben-
nett et al. 2010).
Surprisingly, at an applied shear stress of 52 Pa,
SEBS and PDMS controls were found to exhibit similar
80release of sporelings of U. linza, which is not what
would be expected on the basis of their elastic modulus
(Chaudhury et al. 2005). However, if higher shear stress
values had been applied, it is likely that differences
would have been seen as shown in Weinman et al.
85(2009). The shear stress used in the present experiment
was chosen to maximize the differences in release from
the coatings containing the surface-active polymers.
PDMS-based coatings demonstrated higher release of
sporelings with respect to the corresponding SEBS-based
90coatings. The inclusion of the copolymers has positive
effects only for PDMS coatings, while no signiﬁcant
improvement in SEBS coatings was detected with
respect to their own control. These ﬁndings suggest that
the 10-fold lower elastic modulus of PDMS-based coat-
95ings resulted in enhanced FR efﬁcacy. However, ascrib-
ing such big differences in biological performances
solely to the mechanical properties appears simplistic
and the compositional effects of the outer surface have
to be considered. The same copolymer blended with the
100two elastomers originated very different surfaces. In par-
ticular, PDMS coatings after immersion were found to
be richer in oxygen and silicon and poorer in carbon and
ﬂuorine with respect to the corresponding SEBS coat-
ings. The presence of the ethoxylated chains in the
105PDMS-based coatings also favoured the release of spor-
elings of U. linza, p(S-E)87/13_PDMS being the best
performer (release of 90%) not containing the ﬂuorinated
component.
To the authors’ knowledge, the present study is the
110ﬁrst to compare the mechanical, surface and FR proper-
ties of SEBS- and PDMS-based coatings containing the
same amphiphilic polymer. It is suggested that the supe-
rior biological properties of PDMS-based coatings
Biofouling 11
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depended on the synergistic effect of the low elastic
5 modulus of the matrix combined with the chemical
composition of the surface after preferential surface-seg-
regation of a suitable surface-active polymer. PDMS-
based coatings containing polyethylene glycol chains
were found to exhibit much higher release of sporelings
10 of U. linza than those containing ﬂuoroalkyl chains.
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Table S1. Physico-chemical parameters of the polymers prepared.
Polymer Copolymer compositiona (mol %) Mn
b (g mol–1) Mw/Mn
b
p(S-F)89/11 89/11 11,000 1.31
p(S-F)83/17 83/17 16,000 2.37
p(S-F)51/49 51/49 11,000 2.22
p(S-F)18/82 18/82 11,000 1.58
p(S-E)87/13 87/13 18,000 1.47
p(S-E)71/29 71/29 15,000 1.21
p(S-E)57/43 57/43 29,000 1.43
p(S-F-E)56/18/26 56/18/26 21,000 1.57
p(S-F-E)24/46/30 24/46/30 28,000 1.56
p(S-F-E)57/26/17 57/26/17 39,000 2.07
aMole percentage of co-units S/F (x/y), S/E (x/z), and S/F/E (x/y/z) in the respective polymers, by 1H-NMR.
bAverage molecular weight and polydispersity index, by GPC with polystyrene as standards.
Supplemental data
Figure S1. Mean biomass of sporelings on PDMS and
SEBS controls and PDMS- and SEBS-based coatings
before exposure to shear stress, obtained from the mea-
sure of chlorophyll ﬂuorescence (RFU) on six replicate
slides. Error bars represent ± 2 × SE. Values that are sig-
niﬁcantly different to each other at p < 0.05 are indicated
by different letters above the bars.
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